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1
I N T R O D U C T I O N
The lifestyle of plants is largely determined by the fact that they are
anchored in one place and thus are not able to escape the often hos-
tile conditions in their ever-changing habitats. As sedentary organisms,
they have to adjust to the surrounding environment during their life cy-
cle. They are bound to a location with certain characteristics such as the
macro- and microclimatic conditions, soil quality determined by factors
such as nutrients or structure, neighboring plants, and the surrounding
insects such as herbivores and herbivore enemies. To compensate for
their immobility, plants have developed an astonishing phenotypic plas-
ticity of responses to changing abiotic and biotic conditions. This plastic-
ity includes a remarkable potential to shape their morphology and opti-
mize their metabolism in response to various environmental conditions
(Lambers et al., 2008). In the latter category, we also find the release of
volatile compounds from leaves, flowers, and fruits into the atmosphere
and from roots into the soil. In response to herbivore feeding, the emis-
sion of volatile compounds can be largely increased (Dudareva et al.,
2006; Holopainen, 2004). Additionally, the concentration of metabolites
that are toxic to herbivores can also be increased in attacked tissues or
even systemically in unattacked plant parts (Heil and Ton, 2008). In this
way, plants have evolved many ways of coping with their insect attack-
ers, including tolerance to herbivory (Fornoni et al., 2004; Strauss and
Agrawal, 1999), physical or chemical defenses that directly reduce her-
bivore performance and survival (Howe and Jander, 2008), as well as
indirect defenses that actively attract or facilitate the action of predators
and parasitoids (Kessler and Heil, 2011).
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plant resistance to herbivores via direct defense mecha-
nisms
Direct defenses, which can be morphological or chemical defenses, are
directly affecting the performance or preference of herbivores (Howe and
Schaller, 2008). Morphological defenses include, for example, thick wax
layers on the leaf surface or thorns, which serve as barriers hindering
the access of herbivores. In addition, plants produce chemicals acting
as direct defenses. They can act at a distance, e.g. when insects are de-
terred by certain volatile substances (Bernasconi et al., 1998; De Moraes
et al., 2001; Kessler and Baldwin, 2001) or as contact cues after the at-
tacker started feeding on the plant (Chen, 2008; Kaplan et al., 2008a).
There are several well-known classes of plant compounds with defensive
properties, such as alkaloids, glucosinolates, phenolics, terpenoids, fura-
nocoumarins, cardenolides and proteinase inhibitors (PIs), which have
been found in more than 50 plant species (Kaplan, 2008; Rasmann and
Agrawal, 2008; van Dam, 2009a). Whereas alkaloids, cardenolides and
glucosinolates are mainly known to be toxic or repellent, the mode of
action of PIs depends on the inhibition of digestive enzymes of the in-
sects (Wu and Baldwin, 2010). Direct defenses might be expressed con-
tinuously by the plant as a constitutive defense against herbivores, but
may also be induced by external stimuli i.e. the attack of herbivores. The
first strategy is employed by many plants when there is a high risk of
herbivory. With a low risk of attack, it is an energy-saving strategy and
reduces ecological costs to only express defensive traits when needed
(Arimura et al., 2005; Heil, 2002; Poelman, 2015; Zangerl, 2003). Induced
direct defenses have been reported in many cases including induction in
shoots after shoot herbivory (Chen, 2008), induction of root defense after
root herbivory (Birch et al., 1992; Hol et al., 2004; Kaplan et al., 2008a), or
even the systemic induction of shoot defenses after root attack (Bezemer
and van Dam, 2005; Kaplan et al., 2008b; van Dam et al., 2003).
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the role of phytohormones in regulating defense responses
Induction of plant resistance is generally mediated by three major sig-
naling compounds, jasmonic acid (JA), salicylic acid (SA), and ethylene
(ET). These hormonal pathways interact with each other showing strong
crosstalk to construct tailored induced defense responses (Heidel and
Baldwin, 2004; Heil and Ton, 2008). A thoroughly characterized case
of signal crosstalk is the antagonistic interaction between JA and SA
signaling pathways (Koornneef and Pieterse, 2008; Pieterse et al., 2009;
Wei et al., 2014). Plants infected by SA-inducing biotrophic pathogens
often suppress JA-dependent defenses (Diezel et al., 2009; Felton and
Korth, 2000). Briefly, SA can suppress both JA biosynthesis and sensitiv-
ity (Dong, 2004; Spoel et al., 2003).
Ethylene (ET) plays an important role as a modulator of SA and JA
responses (Dahl and Baldwin, 2007; van Loon et al., 2006). ET and JA
frequently show a synergistic interaction in the induction of certain plant
defense genes, such as the up-regulation of PDF1.2 (Penninckx et al.,
1998).
The cross-communication between hormone signaling pathways pro-
vides the plant with a large regulatory capacity for tailoring its defense
response to different attackers. Though the SA, JA and ET response path-
ways serve as the backbone of the induced defense signaling network,
it was also demonstrated that other hormone response pathways feed
into it. ABA is commonly associated with plant development and abiotic
stress, but its role in biotic stress is becoming increasingly evident (As-
selbergh et al., 2008; Mauch-Mani and Mauch, 2005; Nguyen et al., 2016).
Furthermore, cross-talk with cytokinins (CK), brassinosteroids (BR) and
gibberellins (GB) supports specificity in plant defense responses (Erb
et al., 2012). For the JA pathway, there is strong evidence that the deriva-
tive jasmonic acid isoleucine (IA-Ile) is the major active compound. Ei-
ther JA-Ile or other signaling molecules propagate rapidly through the
plant to cause also systemic activation of the plant’s defense system (Koo
et al., 2009; Singh et al., 2016).
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Little is known about the signaling cascades involved in belowground
defenses and the systemic interactions between roots and shoots. In stud-
ies on interactions between aboveground and belowground plant organs,
JA application to roots and shoots showed contrasting effects on the leaf
chemical phenotype (Tytgat et al., 2013; van Dam and Oomen, 2008).
A comparison between responses to exogenous SA or JA application to
roots showed that local and systemic induction of glucosinolates only ap-
peared after JA induction. This suggests that the JA signaling pathway
might be involved in root-shoot signaling (Pierre et al., 2011b). Further
suggested root to shoot signals are ABA, IAA and ET which can provide
interesting starting points to unravel the intricacies of the ”root-shoot
information highway” (Erb et al., 2009).
plant volatiles and their role in resistance
Both floral and vegetative parts (roots and shoots) of plants emit volatiles
with distinctive odors. At present, more than 1700 volatile compounds
have been described from more than 90 plant families (Knudsen et al.,
2006; Maffei, 2010). In fact, plants release around 36 % of the assimi-
lated carbon as complex bouquets of volatile organic compounds (VOCs)
and contribute as a major source to the hydrocarbons in the atmosphere
(Kesselmeier, 2002). Some VOCs are emitted constitutively whereas many
constituents of VOC blends are only emitted after induction by stress
factors. This fascinating diversity of VOCs branches off from only a
few primary metabolism pathways. Based on their biosynthetic origin
and their chemical structure they are classified as terpenoids, phenyl-
propanoids/benzenoids, fatty acid derivatives and amino acid deriva-
tives (Dudareva et al., 2013).
4
introduction
Biosynthetic Pathways of Volatile Organic Compounds (VOCs)
Terpenoids
The largest diversity of VOCs is found among terpenoids derived from
the mevalonate (MVA) and the methyl-erythritol-phosphate (MEP) path-
ways. Terpenoids can be subdivided into monoterpenoids (C10), sesquiter-
penoids (C15) and diterpenoids (C20). The large family of terpene syn-
thases (TPS) is responsible for their synthesis. TPS are often multiprod-
uct enzymes which result in a quantitatively dependent production of
different VOCs derived from one TPS (Degenhardt et al., 2009). Fur-
ther, many TPS accept more than one substrate (FPP, GPP, GGPP) which
leads to diverse ranges of produced VOCs from one TPS depending on
substrate availability in the compartment where it is located (Aharoni
et al., 2004; Pazouki et al., 2015; Pazouki and Niinemets, 2016). Addi-
tional diversity originates from enzymes such as Cytochrome P450s or
dehydrogenases that alter the basic terpenoid structure (Dudareva et al.,
2004). Furthermore, there are irregular terpenoids which derive from
carotenoids (Dudareva et al., 2013).
Phenylpropanoids/Benzenoids
The second largest class of volatile compounds comprises phenylpropa-
noids and benzenoids (Knudsen et al., 2006), with the shikimate path-
way as a link between primary and secondary metabolism. The well-
characterized enzyme L-phenylalanine ammonia lyase (PAL) converts
phenylalanine to trans-cinnamic acid (CA) which is the precursor for
most compounds in this class. Other than that, there are phenylpropenes
such as eugenol or chavicol which share the first biosynthetic steps with
the lignin pathway or compounds such as phenylacetaldehyde. These
are not derived from CA and compete with PAL for Phenylalanine (Phe)
(Tieman et al., 2007). The biosynthetic pathways leading to phenylpropa-
noids and benzenoids are not fully resolved yet and need further inves-
tigation (see Dudareva et al., 2013, and references therein).
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Volatiles Derived from Fatty Acids – the Octadecanoid/Oxylipin Pathway
The third major class of plant VOCs is derived from C18 unsaturated
fatty acids, namely linoleic and linolenic acid (Matsui, 2006). The biosyn-
thesis of these fatty acids depends on the plastidic pool of acetyl-CoA
connected to primary metabolism through pyruvate, the final product
of glycolysis (Dudareva et al., 2013). The lipoxygenase (LOX) pathway
yields either 9-hydroperoxy or 13-hydroperoxy intermediates. The for-
mer results in green leaf volatiles (GLVs) such as (Z)-3-hexenol, (E)-
2-hexenol and (Z)-3-hexenyl acetate, the phytohormone jasmonic acid
(JA) and its volatile derivative methyl jasmonate (MeJA). The latter path-
way results in the formation of compounds such as (Z)-3-nonenal, (Z)-3-
nonenol and nonanal (for a pathway see Dudareva et al., 2013).
Nitrogen and Sulfur-Containing VOCs
Many volatiles, especially those highly abundant in floral scents and
fruit aromas, are derived from amino acids such as alanine, valine, leucine,
isoleucine, and methionine and contain nitrogen and sulfur. It is as-
sumed that the synthesis of these VOCs proceeds similarly to pathways
found in bacteria and yeast resulting in aldehydes, acids, alcohols and
esters (Tzin and Galili, 2010).
In addition to these conventional classes, in Brassicaceae compounds
such as isothiocyanates (ITCs) and nitriles resulting from glucosinolate
conversion, can be found in the plant headspace. There might be a strong
correlation between the emissions of ITCs and nitriles and the precur-
sor glucosinolate contents in the plant. This links direct and indirect
defenses in Brassicaceae (Hopkins et al., 2009; van Dam et al., 2012).
In the typical volatile blend emitted by undamaged and damaged bras-
sicacean plants methanethiol and sulfides are characteristic compounds
(Geervliet et al., 1997; Gols et al., 2011; Pierre et al., 2011b). They may
be formed by the conversion of the amino acids methionine, cystine or
cysteine by enzymes such as transferases and lyases (Chin and Lind-
say, 1994; Derbali and Makhlouf, 1998). However, they may also result
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from the action of a thiol methyltransferase (TMT) which has been found
in high levels in many Brassica species (Attieh et al., 2002; Saini et al.,
1995). The enzyme is thought to protect the plant from autotoxicity to
by-products of glucosinolate metabolism and converts ITCs and related
compounds into methyl sulfides (Attieh et al., 2000).
Herbivory Induced Plant Volatiles (HIPVs)
The first reports of higher volatile release from plants after herbivore
damage which targets external organisms in a resistance-related context
are from 30 years ago (Rhoades, 1983). The induced odor blends are com-
plex mixtures, often composed of more than 200 different compounds,
many of which occur as minor constituents (Dicke and van Loon, 2000;
McCormick et al., 2014). A fraction of these compounds is constitutively
emitted albeit in smaller quantities. Others are released de novo only af-
ter herbivory. Furthermore, the release of induced VOCs is not restricted
to the site of damage but also emanates systematically from undamaged
plant parts (Paré and Tumlinson, 1999; Turlings and Tumlinson, 1992).
The increased emission of VOCs from herbivore-damaged plants may
confer direct defensive properties against lepidopteran egg deposition
(De Moraes et al., 1998; Kessler and Baldwin, 2001). However, it is mainly
considered as a cue exploited by other organisms ranging from bacteria
and fungi to plants, insects, and mammals. The emission of VOCs also
from healthy systemic plant tissue thereby increases the apparency of a
damaged plant towards VOC exploiting species (Vet et al., 1991).
The information contained in these VOC blends has been shown to
be highly specific in many cases. For example, the two closely related
Pieris caterpillars P. brassicae and P. rapae elicited different blends in bras-
sicaceous plants (Geervliet et al., 1997). In addition, the volatile blends
induced by feeding may also differ between developmental stages of the
same herbivore species (Yoneya et al., 2009), the numbers of herbivores,
or whether the herbivores are parasitized (Poelman et al., 2012). Also, the
insect-associated microbes contained, for example, in their guts or sali-
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vary glands differentially affect HIPV blends (see Sugio et al., 2015, and
references therein). Mechanical damage can induce plant VOC emission
and may be similar to herbivore-induced blends when temporal feed-
ing patterns of herbivores are mimicked (Mithöfer et al., 2005), whereas
most experimentally induced mechanical damage on plants resulted in
VOC blends with fewer compositional diversity and quantities. The re-
sponses to wounding are triggered by damage associated molecular pat-
terns (DAMPs), compounds such as extracellular ATP derived from dam-
aged plant cells which are perceived as the ‘damaged self’ by plants
(Heil, 2009; Heil and Land, 2014). The specificity of blends after real her-
bivory is considered to be a consequence of the perception of herbivore-
associated molecular patterns (HAMPs) or herbivore-associated elicitors
(HAE). These are compounds from diverse chemical classes contained in
the saliva or regurgitate of insects. During feeding, they are deposited
on the damaged tissue by chewing insects (Bonaventure, 2012).
Whereas HAMPs promote the resistance of plants, other compounds
contained in the saliva have been described which suppress plant de-
fenses or increase susceptibility (Consales et al., 2012). For example, glu-
cose oxidase (GOX) or ATPases belong to these compound class termed
effectors (Acevedo et al., 2015; Schmelz, 2015). Research on HAMPs and
effectors is still in its infancy, and future studies will likely report of a
much higher diversity of HAMPs and effectors which modulate plant de-
fenses and have the potential to do so on a species specific level (Schmelz,
2015). It may also be that the interactive effects of DAMPs and HAMPs
trigger specificity in HIPV emissions (Duran-Flores and Heil, 2016).
Belowground HIPVs
Even if there is still a paucity of data, the capability of roots to forming
volatile substances upon root herbivore attack has recently been acknowl-
edged as well, for example for maize roots (Rasmann et al., 2005; Ras-
mann and Turlings, 2007) roots of different Brassica plants (Crespo et al.,
2012; Danner et al., 2015; Neveu et al., 2002; Pierre et al., 2011b; van Dam
et al., 2010, 2012), Arabidopsis (Steeghs et al., 2004), and milkweed (Ras-
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mann et al., 2011). Ecological studies showed that root-emitted VOCs
have similar functions in the attraction of natural enemies and predators
as found for aboveground VOCs (Delory et al., 2016; Ferry et al., 2007;
Pierre et al., 2011a; Rasmann et al., 2005; Rasmann and Turlings, 2007;
Rasmann and Agrawal, 2008).
Effects of the Feeding Mode on HIPVs
The feeding mode of herbivores strongly affects the defense responses
of plants (Arimura et al., 2011; Bidart-Bouzat and Kliebenstein, 2011;
Rowen and Kaplan, 2016; Soler et al., 2012a). Arthropods can be dis-
tinguished by their mouthparts as piercing-sucking and chewing arthro-
pods. Whereas chewing herbivores remove biomass and damage cells,
the ”stealthy” feeding strategy of piercing-sucking herbivores causes lit-
tle cell damage and HAE or HAMPs of piercing-sucking herbivores have
not been discovered so far (Jaouannet et al., 2014; Smith and Chuang,
2014). Instead, these herbivores inject effectors into the plant which sup-
press active defense responses of the plant during phloem feeding (Ro-
driguez and Bos, 2013).
Commonly, chewing herbivores induce the JA pathway (Ballaré, 2011;
Erb et al., 2012) whereas piercing-sucking herbivores elicit the SA signal-
ing cascade (Girling et al., 2008; Walling, 2000; Zarate et al., 2007). Be-
cause the feeding mode affects levels of phytohormones, consequences
for HIPV emissions can be expected. Crosstalk of SA with the JA path-
way often reduces HIPV emission (Wei et al., 2014).
Effects of Host Specialization on HIPVs
Traditionally, herbivores are classified into generalist and specialist herbi-
vores depending on their ability to feed on plant species from more than
one plant family (generalists) versus few to a single plant species (special-
ists). Herbivores which feed on any plant species are not known. Gener-
alists sensu stricto are therefore scarce (Loxdale et al., 2011). Most herbi-
vores feed within one plant family only, if not within a single genus or
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a single plant species (Forister et al., 2015). The transition between both
represents a smooth gradient but was developed as the specialist/gener-
alist paradigm for more than 40 years (Krieger et al., 1971; Whittaker and
Feeny, 1971). Generalists are considered ‘jack of all trades and master of
none’ meaning that they are able to feed on plants from multiple plant
families but perform worse on any one toxic plant. In contrast, special-
ists have frequently developed mechanisms to cope with the toxins of
their food sources with specific detoxification mechanisms (Ratzka et al.,
2002; Wittstock et al., 2004). They may even use the toxic compounds for
their own defense by sequestration (Opitz and Müller, 2009) but they are
also exploited as oviposition cues or feeding stimulants (Hopkins et al.,
2009; Renwick, 2002).This also implies that specialists exert stronger se-
lection pressures on plants than generalists whose feeding damage is
more erratic (Cornell and Hawkins, 2003). The above does not preclude
that specialists are also affected by direct plant defenses (reviewed in
Agrawal and Kurashige, 2003) and that generalists can develop similar
detoxification mechanisms against plant defenses as specialists (Falk and
Gershenzon, 2007). Specialists have developed strategies to minimize in-
ducing direct defense responses (Reymond et al., 2000) whereas gener-
alists induce stronger direct defense responses (Lankau, 2007; Poelman
et al., 2008). Specialized insect herbivores might benefit from lower de-
fense levels but also the plant avoids allocation to the production of
defense compounds not effective against specialists. Instead, plants may
more efficiently combat specialist herbivores with indirect defense mech-
anisms which involve the emission of HIPVs that attract the herbivores’
enemies. Additionally, specialists may induce more specific defenses in
plants (Ali and Agrawal, 2012) also affecting the specificity of HIPVs.
Whereas differential defense responses due to host specialization have
been found in several studies (Diezel et al., 2009; Govind et al., 2010;
Reudler et al., 2011; Voelckel and Baldwin, 2004; Volf et al., 2015) others
did not find such differences (Bidart-Bouzat and Kliebenstein, 2011; Rey-
mond et al., 2004). In most studies, though, the experimental designs did
not allow for a rigorous comparison between the two types of attackers
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because only two herbivore species were compared (Govind et al., 2010;
Reymond et al., 2004) or because the herbivores expressed different feed-
ing modes (Mewis et al., 2006). A direct comparison between three gener-
alist and three specialist herbivores on whole genome transcript patterns
and direct defense compound levels found that host specialization did
not account for differences (Bidart-Bouzat and Kliebenstein, 2011). In
contrast in a meta-analysis of the current literature on HIPV emissions
specialist herbivory induced stronger total HIPV emissions but these pat-
terns seemed not consistent for any one class of HIPVs. The authors
mentioned that higher proportions of piercing-sucking herbivores in the
generalist class might have confounded their findings (Rowen and Ka-
plan, 2016).
Native and Exotic Herbivores and HIPVs
Climatic conditions are rapidly changing due to global warming which
has in recent years lead to the spreading of herbivores beyond their
previous ranges (Bebber et al., 2013). Globalized human transport and
travel contribute further to the spreading of exotic herbivores around
the globe (Harvey et al., 2010; Keller et al., 2011). These range extensions
are predicted to be continuously expanding in the future which will
inevitably lead to higher ratios of exotic species among the native herbi-
vores with unforeseen consequences for native plant populations. Native
herbivores are comprised of generalist and specialist species which have
coexisted with plants for many generations. As a consequence, plants
evolved traits that inhibit the feeding of the specific local herbivores.
Since Ehrlich and Raven’s seminal publication (Ehrlich and Raven, 1964)
this has often been described as an ‘co-evolutionary arms race’ between
plants and insects which has led to selection for the high diversity of
defense traits which can be observed within plants (Becerra et al., 2009;
Zangerl, 2003; Zangerl and Berenbaum, 2005).
In contrast to native herbivores, exotic herbivores share no recent co-
existence history with native plants in their novel range. We can thus
hypothesize that plants in the novel range of the exotic herbivores are
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not adapted to the herbivore cues such as specific elicitors contained in
the saliva (Bonaventure, 2012). They may therefore not be recognized
by the plant which could result in less specific plant defense responses
compared to native herbivore feeding. As a consequence the plant might
be highly susceptible towards these alien attackers (Gandhi and Herms,
2010). It has been shown previously, that exotic herbivores can be par-
ticularly harmful to native plant populations and sometimes drive them
to local extinctions. Often this leads to complete shifts in plant com-
munities especially in forests (Kenis et al., 2009). Exotic herbivores are
likely non-hosts for specialist herbivore enemies, but possible changes
in HIPV emissions might still disrupt the infochemical network between
plants, native herbivores and their enemies (Bukovinszky et al., 2012b;
Chabaane et al., 2015). However, for generalist carnivores, they likely
constitute alternate sources as food or oviposition hosts (Carlsson et al.,
2009; Pintor and Byers, 2015; Sloggett, 2010). If novel herbivores become
hosts for carnivores in the native ecosystem, this might release predation
pressure on the native fauna with consequences on the community level.
HIPVs which are known to be exploited by herbivore enemies for locat-
ing key resources may also be altered when exotic herbivores are feeding.
Whether or not HIPV blends differ between native and exotic herbivores
has not been rigorously tested so far. The expected natural scenario will
be that invasive herbivores will feed concurrently with the naturally oc-
curring species. Simultaneous attack by host and non-host species may
release different cues compared to a plant under attack by the host only
(Bukovinszky et al., 2012b; de Rijk et al., 2016; Shiojiri et al., 2001) es-
pecially when the herbivores express different feeding modes inducing
different phytohormonal pathways (Mathur et al., 2013b; Schwartzberg
et al., 2011; Soler et al., 2012a; Zhang et al., 2013). Often dual infesta-
tions affect the infochemically mediated interactions (Moujahed et al.,
2014; Rodriguez-Saona et al., 2005). Nevertheless, it is not always that
clear and these interactions may also be unaffected (de Boer et al., 2008;
Ponzio et al., 2016, 2014). The basis for infochemically mediated inter-
actions are plant released HIPVs. A deeper understanding of the HIPV
12
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blends emitted after single and multiple attack by native and exotic her-
bivores in a comparative manner with different herbivore classes across
a wide phylogenetic range will ultimately enable us to gain insight into
the information potentially exploited by higher trophic levels. If plants
respond differently towards alien herbivory and if these blends are gen-
erally dominated by the alien attackers when attacking simultaneously
we can expect that the functioning of native communities will be seri-
ously affected with effects rippling through the food chain (Desurmont
et al., 2014). This has been demonstrated for S. littoralis feeding concur-
rently with the native herbivore P. brassicae. The plant headspace was
dominated by exotic HIPVs. Parasitoid behavior in this study was also
affected by the exotic herbivore (Chabaane et al., 2015). If such patterns
prove to be general, we can expect detrimental ecological effects of her-
bivore invasions on native tri-trophic interactions and thereby on the
whole community structure.
multiple herbivory, induced defenses , and hipvs
In recent years, many researchers have investigated the interactions be-
tween plants and a single attacker, the induced HIPVs, and the effects on
herbivore natural enemies. Most research has been conducted in above-
ground plant-insect systems. However, in nature plants are exposed to
a variety of attackers, at the shoots but also at the roots, either simul-
taneously or sequentially. This causes much more complex interactions
than have usually been investigated in the context of direct and indirect
defenses. Initial studies with more than one herbivore demonstrate that
exposure of plants to multiple herbivores induces more complex pheno-
typic changes in a plant than exposure to only one herbivore (de Boer
et al., 2008; Dicke et al., 2009; Rodriguez-Saona et al., 2005, 2010). Con-
sequently, this may result in altered interactions with other community
members including natural enemies involved in indirect plant defense
(Bukovinszky et al., 2012a; Chabaane et al., 2015; de Rijk et al., 2013; Ka-
plan and Denno, 2007; Ponzio et al., 2016; Rodriguez-Saona et al., 2005;
13
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Stam et al., 2014). Such variable responses might be caused by many fac-
tors accompanying simultaneous attack. First, the weakening of a plant
by herbivore attack might facilitate further attack by other species (Soler
et al., 2012a). Such effects have been repeatedly found for herbivores ac-
tivating different phytohormonal pathways (Diezel et al., 2009; Wei et al.,
2014). Susceptibility might be higher after the initial herbivore attack fa-
cilitating the subsequently feeding herbivores. In contrast, tolerance of
herbivory might change to resistance to herbivory when certain thresh-
olds of plant damage are exceeded with negative impact on herbivore
performance (Stam et al., 2014).
defenses in brassicaceae
The family Brassicaceae contains important food crops from around the
globe. Because of their economic importance defense mechanisms have
been studied extensively in this plant family (Ahuja et al., 2010; Hop-
kins et al., 2009; Pierre et al., 2012; van Dam, 2009b,a; van Dam et al.,
2004; Kostal, 1992; Agrawal, 2000). Moreover, the model plant Arabidop-
sis belongs to this plant family as well. Besides plant trichomes, PIs and
phenolics the best studied direct chemical defense mechanism in these
plants are the glucosinolates. More than 130 different glucosinolates have
been identified so far (Agerbirk and Olsen, 2012; Fahey et al., 2001) and
one single plant species may contain up to 34 different glucosinolates
(Kliebenstein et al., 2001). The mode of action of glucosinolates has been
studied extensively and can be described most vividly as a ‘mustard oil
bomb’ (Ratzka et al., 2002). The glucosinolates and enzymes called my-
rosinases are stored in separate compartments. Upon tissue disruption,
they come into contact and form the toxic, more volatile isothiocyanates
and nitriles which are active against herbivores (Hopkins et al., 2009). Fo-
cusing on the whole plant, not only aboveground but also belowground
levels of glucosinolates are contributing to resistance of brassicaceous
plants. Also reallocation occurs after herbivory (Nour-Eldin et al., 2012).
Reviews and meta-analyses focusing on the general distribution of con-
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stitutive defenses between different plant parts identified some general
patterns. Overall, roots show the highest levels of total glucosinolate con-
tents in vegetative plants (van Dam and Oomen, 2008), while in mature
plants glucosinolate levels are the highest in reproductive tissues such as
flowers and seeds (Brown et al., 2003; Smallegange et al., 2007). The com-
position of specific glucosinolates may differ between different tissues of
the plant. In roots of Brassica species, phenylethylglucosinolate is much
more prominent than in shoots (van Dam and Oomen, 2008). This glu-
cosinolate specifically confers resistance to soil-dwelling phytophagous
nematodes and may negatively affect pupal masses of the cabbage root
fly (Potter et al., 1999; van Leur et al., 2008).
Even though glucosinolates are present as constitutive defenses through-
out the plant’s entire life cycle and in all plant tissues to a certain extent,
insect herbivore feeding above- and belowground may increase or shift
their levels substantially, both, locally and systemically (Mewis et al.,
2006; van Dam et al., 2003; van Dam and Raaijmakers, 2006). Eventually,
the plant response depends on the herbivores’ feeding guild and degree
of ecological specialization (Mewis et al., 2006). The consequences of en-
hanced glucosinolate levels on herbivores are quite variable and seem to
differ also depending on their degree of host specialization. Overall, the
performance of generalists is more affected than specialist performance
(Hopkins et al., 2009). On the plant side, induced glucosinolate levels
in response to damage by Brassica specialists, are sometimes less pro-
nounced than the response to generalist herbivores (Mewis et al., 2006).
The notion that specialist Pieris species preferentially feed on tissues with
high glucosinolate contents such as the flowers of B. nigra (Smallegange
et al., 2007) indicates that glucosinolate induction might be a rather inef-
fective defense strategy for the plant against specialist insect herbivores
(but see Agrawal and Kurashige, 2003).
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research objective
The main focus driving my research is to understand the consequences
of multiple biotic stresses on the below- and aboveground HIPV emis-
sions of plants. For my research, I used the brassicaceous plant species
Brassica rapa. This annual plant is distributed globally and has under-
gone many breeding efforts resulting in several agriculturally important
vegetables. In The Netherlands wild accessions of the plant exist and I
used such a wild population for studying the volatile responses of the
plant towards different types of attackers. Plants were challenged with
herbivores including slugs, beetles, aphids, dipteran, hymenopteran, and
lepidopteran larvae. The guiding principle in this work is that plant emit-
ted HIPVs contain information which will then be exploited by higher
trophic levels.
The wide range of herbivores and the application of highly sensitive
VOC collection methods enabled me to address several ecologically and
evolutionary important main research questions:
• Are the temporal dynamics and the emission of HIPVs from roots
and shoots affected by the simultaneous feeding of above- and be-
lowground herbivores?
• How are HIPVs affected by the feeding of native and exotic herbi-
vores?
• Are induced volatiles after herbivory reflecting the co-existence
history, the diet breadth and the feeding mode of attacking her-
bivores?
• Can we differentiate the co-existence history and the diet breadth
of a second herbivore when plants are already infested with a na-
tive specialist?
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Outline of the Thesis
In chapter 2 I present how root herbivores concealed in the soil can be
traced with proton-transfer-reaction mass spectrometry (PTR-MS) which
is a sensitive, non-invasive and online technique for VOC measurements.
I was able to recognize actively feeding root fly larvae (Delia radicum) by
tracing their sulfur compound emissions belowground. In chapter 3 I
demonstrate that the simultaneous feeding of above- and belowground
herbivores impact aboveground VOC emissions whereas belowground
HIPVs are not affected. By applying the highly sensitive measurement
methods developed in chapter 2, I was able to follow the dynamic emis-
sion patterns in roots and shoots simultaneously. In chapter 4 I investi-
gated whether HIPVs emitted after herbivory by ten different herbivore
species is informative about their co-existence history with the plant,
their diet breadth, and their feeding mode. Additionally, I tested whether
HIPVs emitted after feeding by two additional species can be used to pre-
dict their co-existence history with the plant by applying the developed
partial least squares models. Under relevant natural conditions, these
species do not feed in isolation, but rather feed simultaneously on the
plant. Therefore, I combined the feeding of a subset of the species with
the feeding of the Brassica specialist Pieris brassicae. In chapter 5 I fo-
cus on how simultaneous feeding by native and exotic herbivores affects
the HIPVs emitted after native herbivore feeding and tested whether
co-existence history and diet breadth of a second attacker can still be in-
ferred from these HIPV blends. In chapter 6 the results are discussed in
a broader context of plant defense mechanisms and how they may affect
future research perspectives.
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T R A C I N G H I D D E N H E R B I V O R E S : T I M E - R E S O LV E D
N O N - I N VA S I V E A N A LY S I S O F B E L O W G R O U N D
V O L AT I L E S B Y P R O T O N - T R A N S F E R - R E A C T I O N
M A S S S P E C T R O M E T RY ( P T R - M S )
Holger Danner, Devasena Samudrala, Simona M. Cristescu, Nicole M.
van Dam (2012), Journal of Chemical Ecology, 38, 785- 794.
abstract
Root herbivores are notoriously difficult to study, as they feed hidden
in the soil. However, root herbivores may be traced by analyzing spe-
cific volatile organic compounds (VOCs) that are produced by dam-
aged roots. These VOCs not only support parasitoids in the localiza-
tion of their host, but may also help scientists study belowground plant-
herbivore interactions. Herbivore-induced VOCs are usually analyzed
by gas-chromatography mass spectrometry (GC-MS), but with this off-
line method, the gases of interest need to be preconcentrated, and de-
structive sampling is required to assess the level of damage to the roots.
In contrast to this, proton-transfer-reaction mass spectrometry (PTR-MS)
is a very sensitive on-line, non-invasive method. PTR-MS has already
been successfully applied to analyze VOCs produced by aboveground
(infested) plant parts. In this review we provide a brief overview of
PTR-MS and illustrate how this technology can be applied to detect spe-
cific root-herbivore induced VOCs from Brassica plants. We also specify
the advantages and disadvantages of PTR-MS analyses and new techno-
logical developments to overcome their limitations.
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introduction
Belowground herbivores can cause substantial damage to plant roots,
which in many cases has a more severe impact on plant fitness than
shoot damage (Gerber et al., 2007; Johnson et al., 2007). Nevertheless,
interactions between belowground herbivores and their hosts have been
much less studied than those of their aboveground counterparts. One
of the reasons is the obscurity of plant-herbivore interactions in the
soil, which also means that root damage cannot be assessed as easily
as shoot damage. Plants generally need to be sampled destructively to
assess how much and where root feeding has occurred. To overcome
this drawback and to non-invasively visualize the activities of root her-
bivores, techniques such as X-ray tomography and magnetic resonance
imaging (MRI) have been successfully applied (Jahnke et al., 2009; John-
son et al., 2007). In addition, the development of new methods, for ex-
ample root area determination using electrical potential measurements,
may also lead to novel approaches that help to monitor the feeding ac-
tivities of root herbivores in vivo (Cao et al., 2010). Here we present a
novel approach to tracing the feeding activities of root herbivores that
involves the detection of herbivore-induced volatile organic compounds
as a method for damage assessment (Kaplan et al., 2008b; Rasmann et al.,
2005; van Tol et al., 2001).
Despite the paucity of data, it has become evident that responses in-
duced below ground in many respects resemble those found in above-
ground plant-herbivore interactions. Just as in shoots, responses induced
by herbivores may be both local and systemic, either within the root
system or the whole plant, and comprise a wide range of defense com-
pounds, such as alkaloids, phenolics, cardiac glycosides and glucosino-
lates (Hiltpold et al., 2011; Kaplan et al., 2008b; Pierre et al., 2012; Ras-
mann et al., 2009; van Dam, 2009a). In addition, root herbivory leads
to the induction of volatile organic compounds (VOCs) which can be in-
volved in indirect defenses belowground, by attracting the enemies of the
attackers (Pierre et al., 2011b; Rasmann et al., 2005; van Tol et al., 2001).
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The role of VOCs might be even more important for belowground com-
munities in the rhizosphere, as they serve herbivores and parasoitoids
as cues for host localization in an environment where visual cues are
lacking (Rasmann et al., 2005; van Dam, 2009a). Indeed, recent studies
have revealed various root-produced VOCs that play a role in plant-
environment interactions. Maize roots attacked by larvae of the West-
ern cornworm (Diabrotica virgifera virgifera) emit (E)-β-caryophyllene, a
sesquiterpenoid attracting entomopathogenic nematodes (Rasmann et al.,
2005), while Brassica plants infested with the larvae of the cabbage root
fly (Delia radicum) emit sulfides attracting ground-dwelling predatory
beetles (Ferry et al., 2007) and various other VOCs that may be impor-
tant cues for parasitoids of these root herbivores (Neveu et al., 2002;
Pierre et al., 2011b).
Many compound classes which have been identified to play a role
in belowground plant-environment interactions are also known from
aboveground organs. Despite the overlap in defense strategies and com-
pounds, there are also striking differences in the VOCs produced by
roots and shoots. For example, green leaf volatiles (GLVs) are commonly
emitted by aboveground tissues of almost all higher plants after dam-
age (Barth and Schmid, 2001; Hansson et al., 1999). However, they are
not emitted when plant roots are artificially damaged or infested by her-
bivores (Steeghs et al., 2004), although they can be detected in minute
amounts when plant roots are ground up (Matthias Erb, pers. comm.).
Furthermore, the emission of sulfides, which often decreases when Bras-
sica plants are damaged by aboveground herbivores (Blaakmeer et al.,
1994; Geervliet et al., 1997) is strongly enhanced in roots of belowground-
infested Brassica plants (Blaakmeer et al., 1994; Ferry et al., 2007; Geervliet
et al., 1997; Soler et al., 2007b). This suggests that root volatile “bou-
quets” may have a different composition than shoot VOC profiles. These
differences may be related to differences in the performance of these
compounds in soil environments. Properties such as polarity, boiling
point and solubility determine the degradation, adsorption to soil par-
ticles and the distance over which a compound can disperse through
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soils, which in turn are important factors for the perception by soil biota.
At present, the diversity of herbivore-induced VOCs released by above-
ground plant organs appears to be greater than that in roots. It must be
noted, though, that there still is a paucity of data on root specific VOCs,
which leads to a bias, underestimating VOCs from roots.
In addition to local VOC responses, root herbivores may also induce
systemic responses in shoots. The activities of root herbivores not only
affect aboveground herbivores that are ovipositing and feeding on the
leaves of the same plant (Anderson et al., 2011; Bezemer et al., 2004),
but also alter the behavior of organisms at higher trophic levels - such
as parasitoids and predators - foraging above ground (Rasmann and
Turlings, 2007; Soler et al., 2007b, 2012b). The effect on aboveground
higher trophic levels can either be mediated through changes in the
host plant quality elicited in root-induced plants, such as proteinase in-
hibitors and the accumulation of secondary metabolites, or via changes
in the volatile bouquets of root-induced plants that render these plants
less attractive (Rasmann and Turlings, 2007; Soler et al., 2007b). Changes
in VOC emissions due to root herbivory can be detected in both, below-
ground and aboveground tissues. Such root-induced changes in VOC
emissions can possibly be exploited as indicators of root damage by her-
bivores without harvesting the plant. In order to do so, we need sensi-
tive and non-invasive techniques which are capable of detecting minute
changes in VOC emissions. Proton-transfer-reaction mass spectrometry
(PTR-MS) is an on-line technique that allows the sensitive assessment of
plant VOCs in real-time. In this review, we discuss the potential, pos-
sibilities and pitfalls of using PTR-MS for the non-invasive and on-line
analysis of VOCs induced by root herbivores in comparison to more tra-
ditional techniques applied in VOC research.
VOC Analysis Using GC Platforms
Plants emit substantial amounts of their assimilated carbon as VOCs: Up
to 10 % of their carbon assimilation can be released in this way (Penue-
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las and Llusia, 2004). These emissions mainly consist of isoprene, a short
chain (C5) hydrocarbon. The highly diverse class of higher isoprenoids
(> 30,000 different structures described to date; Connolly and Hill, 1991)
contributes smaller proportions, and their emission rates are often cor-
related with biotic and abiotic stressors. In the early days of chemical
ecology, around three decades ago, the ability to investigate gaseous
emissions from plants focused on the major peaks in the chromatogram.
With the progress of analytical technologies, we are more and more ap-
proaching whole metabolome analyses, which is important since minor
compounds in the background of a complex volatile blend can contribute
significantly to the biological activity of that blend (Mumm and Hilker,
2005; van Dam and Poppy, 2006).
The emission rates of plant VOCs are usually very low, ranging from
a few nanograms to micrograms per gram plant dry mass, released per
hour. At present, reported emission rates are particularly difficult to com-
pare. In the chemical ecology literature, emission values are either pre-
sented in relation to plant mass (dry or fresh), or as relative emissions
(e.g. Geervliet et al., 1997; Pierre et al., 2012). This is, most likely, due
to the fact that it would require many authentic standards to properly
quantify each VOC in GC-MS analyses, and these are often difficult to
obtain. Frequently, it is also a problem of units which prevents direct
comparisons between published studies, especially between GC-MS and
PTR-MS analyses.
A conversion of the unit commonly used for VOC emissions, in ng · g−1
[plant weight]·h−1, into mixing ratios (in parts per billion volume, a
common non SI-unit to report PTR-MS results) will give us this oppor-
tunity.
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Table 2.1: Conversion of units commonly found in the literature for plant VOC
emissions with an example of gypsy moth-induced green leaf volatiles
(GLVs) of poplar (Populus trichocarpa), (adapted from Danner et al.,
2011)
Compound Mar Emission [ng · g−1 DWb · h−1] Emission [ppbvc]
[g · mol−1] Control Herb. Control Herb.
(Z)-3-hexenol 100.2 9.4 153.6 0.16 2.61
(Z)-3-hexenylacetate 142.2 19.1 153 0.22 1.83
hexyl acetate 144.2 1.1 44.7 0.01 0.53
a Mr · relative molecular weight
bDW · dry weight
cppbv · parts per billion volume
We can approximately convert emissions by the following formula 1:
Emissionppbv =
Emissiong·g−1[DW]·h−1 ∗ 24.5 lmol ∗mplant
Mr ∗ Vair
Here, we give an example of this conversion for green leaf volatiles
(GLVs), which are one of the most widespread VOC classes in the plant
kingdom, at least above ground (Table 2.1). Because of the molecular
weight, which has to be taken into account for the conversion, each com-
pound contributes different ratios to the total emission, depending on
the unit the value is described with. The GLV (Z)-3-hexenol, for exam-
ple, was emitted at a rate of 153.6 ng ·g−1[dw] · h−1, which is 43 % of
all GLVs in the herbivore treatment, but when expressed as a mixing ra-
tio (ppbv), the same compound constitutes 53 % of all GLVs (Table 2.1).
Depending on the context, for example for insect physiology the values
might be biologically more informative when presented on a number-of-
1 The formula assumes an ideal gas at T=25 ◦C and P=1 atm. For more precise conversions,
parameters such as the true temperature during sampling need to be accounted for. The
molar volume of an ideal gas at these conditions is 24.5 l · mol−1.Mr - relative molecular
mass, DW - dry weight,mplant - total plant dry weight of sampled plant part, Vair - total
volume of air sampled.
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molecule basis, whereas in atmospheric chemistry the gram-based units
might be preferred.
Due to the low emission rates, the VOCs sampled from the plant
headspace usually need to be pre-concentrated on adsorbents before
they can be analyzed on gas chromatography (GC) platforms. Most
commonly, plant VOCs are sampled on tubes filled with polymer ma-
terials, such as Tenax, Porapaq, Carbopack, and charcoal or on solid
phase micro-extraction fibers (SPME; Birkett, 2010; D’Alessandro and
Turlings, 2006; Tholl et al., 2006). In view of this necessity to precon-
centrate the sample before analysis, the procedure involves collection
periods in the range of minutes to hours, which prevents highly time-
resolved measurements of VOC emissions. Additionally, the sampling
procedure may cause contaminations to be introduced when solvents
are used to elute VOCs from the tubes before injection on the GC. With
other sampling techniques this can be avoided. Using direct thermodes-
orption (TD) tubes, the VOCs are thermally desorbed from the packing
material and transferred directly to the GC injector port in the gaseous
phase (e.g. Pierre et al., 2012). In both cases, however, the relatively high
temperatures, essential for rapid desorption or evaporation of the sol-
vent in the injector port, may cause the VOCs to break-down or to be
converted into other components (de Kraker et al., 1998). Certain VOCs,
such as sabinene and α-pinene, also degrade to some extent as a result
of reactions with the adsorbent surface (Coeur et al., 1997; Rothweiler
et al., 1991). Moreover, depending on the packing materials of the sam-
pling tubes, selective breakthrough of certain compounds, such as iso-
prene and other short-chain hydrocarbons, may occur, which makes the
analysis less quantitative for these compounds (Dettmer et al., 2000). By
contrast, PTR-MS has the potential to sample VOCs on-line and with
high sensitivity (pptv), without the need for pre-concentration, thereby
avoiding many of the above-mentioned drawbacks. Additionally, the in-
strument operates at much lower temperatures (around 50 ◦C) which
reduces the formation of chemical artifacts (Hansel et al., 1995).
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Proton-Transfer-Reaction Mass-Spectrometry (PTR-MS)
About 15 years ago, PTR-MS emerged as a powerful tool for monitor-
ing VOCs. Whereas conventional MS technology is often based on elec-
tron ionization (EI), which results in extensive fragmentation providing
rich ion fragments, PTR-MS relies on chemical ionization (CI), a soft ion-
ization method with few or no ion fragments in the mass spectra. A
detailed description of the PTR-MS technology has been published else-
where (Boamfa et al., 2004; de Gouw et al., 2003; Hansel et al., 1995).
Here, we briefly outline the main characteristics of the PTR-MS technol-
ogy in so far as they are essential to be able to evaluate its opportunities
and limitations for plant VOC analyses.
In PTR-MS, a neutral molecule is ionized via a CI reaction with H3O+.
The ionized molecules typically form a protonated molecular ion [M+
H]+, in which M is the molecular mass of the parent molecule. Water or
a mixture of water and helium is introduced and the H3O+ ions are pro-
duced by a, mostly hollow, cathode discharge in the primary ion source
(Fig. 2.1, no. 1; Boamfa et al., 2004). Thereafter, the H3O+ ions enter the
reaction chamber, the so-called drift tube (Fig. 2.1 , no. 2), where they are
driven by a homogenous electric field and will interact with the trace gas
mixture that enters directly via an inlet at low gas flow rate (~0.5 l ·h−1).
Typically, only molecules with a proton affinity higher than that of wa-
ter (> 166.5 kcal · mol−1) will be ionized by proton-transfer-reactions
with H3O+ ions. Organic compounds such as aldehydes, ketones, alco-
hols, oxygenated aromatic and aliphatic compounds will be readily pro-
tonated (de Gouw and Warneke, 2007; Hartungen et al., 2004; Warneke
et al., 2003; Wisthaler et al., 2005).
In addition to the normal proton-transfer-reaction, theH3O+ and [M+
H]+ ions can cluster with water molecules in the drift tube, complicat-
ing the interpretation of mass spectra. Since the proton affinity of the
clusters is higher than that of water, the proton-transfer-reaction with a
water cluster will be favored. An important part of the instrument that
serves to reduce problems of cluster formation is the collision dissocia-
26
ptr-ms : tracing hidden herbivores
tion chamber (Fig. 2.1, no. 3). In this intermediate chamber, the cluster
ions that leave the drift tube dissociate into a neutral moiety and the ini-
tial, protonated trace gas molecule [M+H]+. Cluster formation can be
further reduced by adapting the reaction conditions of the PTR-MS in-
strument for this purpose (2 mbar pressure and 120-140 Td field strength
in the drift tube).
Figure 2.1: Schematic representation of a typical PTR-MS. The instrument con-
sists of an ion source (1) in which H3O+ primary ions are produced,
a drift tube (2), where the trace gases from samples are ionized by
the proton-transfer reaction with H3O+ ions, a collisional dissocia-
tion chamber (3), where cluster molecules dissociate, and the detec-
tion unit, where ions are mass filtered with a quadrupole mass filter
(4) and quantified by a secondary electron multiplier (5)
As described above, the proton-transfer results in few or no fragment
ions for most trace gas compounds. In spite of this general rule, fragment
ions are still detected in the mass spectra for certain compounds, increas-
ingly more with higher kinetic energy in the drift tube (Maleknia et al.,
2007). Above all, the fragmentation pattern depends on the structure of
the molecules. For example, alcohols break down easily and lose a wa-
ter molecule via dehydration, whereas acetaldehyde or acetone is less
likely to dissociate (Boamfa et al., 2004). Although there are extensive
resources for EI fragmentation patterns (e.g. National Institute of Stan-
dards and Technology (NIST, USA) and Wiley (West Sussex, England)),
these spectral libraries cannot be applied as a reference to PTR-MS, in
view of the dissimilar ionization methods. Consequently, one needs to
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determine the fragmentation behavior of the VOCs under study either
from the literature, or by reference measurements with authentic stan-
dards.
Another aspect to be considered is the back diffusion of air from the
drift tube into the ion source, which leads to contaminant ions, such as
NO+ and O2+ (de Gouw and Warneke, 2007). PTR-MS of plant VOCs
requires the amount of these ions to be reduced, because they transfer
their charge to most VOCs without adding a proton, which complicates
the identification of compounds. However, higher levels of NO+ and
O+2 ions may also be beneficial for detecting specific compounds, such
as sulfur-containing glucosinolate breakdown products (Crespo et al.,
2012).
Quantification and Identification of VOCs
In PTR-MS, regular calibration with an authentic gas mixture is a pre-
requisite for reliable quantification of trace gases, for example since drift
tube humidity can vary, which has an impact on the drift tube reac-
tions. A typical example of a calibration gas mixture consists of acetalde-
hyde, acetone, isoprene, benzene, toluene, xylene and α-pinene (cover-
ing molecular masses from 32 amu to 136 amu), each at a concentration
of 1 ppmv (parts per million volume, ± 5%). The calibration factors ob-
tained for the fixed set of compounds in the certified gas mixture can be
used to calculate the calibration factors of other compounds, by taking
into account their collision rate constants, transmission efficiency factors
and fragmentation ratios. In this way, ion intensities (expressed as nor-
malized counts per second, ncps) can be converted to absolute concen-
trations as gas mixing ratios (parts per billion volume, ppbv). PTR-MS
can operate in two modes, namely the full mass scan and selective ion
monitoring (SIM). The first scans the relative abundance of all detectable
masses, and should be regarded as a fingerprint of a given trace gas sam-
ple (Steeghs et al., 2004). In contrast, the SIM mode is suitable for record-
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ing temporal changes in concentrations of specific trace gas molecules,
pre-selected by their mass-to-charge ratios.
The major difficulty with PTR-MS remains the identification of com-
pounds, which is notoriously difficult, as each detected mass can either
be associated with parent molecules, fragments of parent molecules and
water clusters, or a combination of these. Therefore, the identification
of compounds measured by PTR-MS is mostly tentative. Nevertheless,
if several compounds with the same nominal mass must be considered
as possible candidates in a gas mixture, several methods to distinguish
between these compounds can be employed. To narrow down the candi-
dates, which contribute to a signal (m/z), for example water clusters can
be easily distinguished from compounds undergoing the usual proton
transfer reaction by varying the field strength in the drift tube (E/N).
Association processes with water are quite sensitive to higher collision
energies (E/N), thus if the intensity of a signal decreases with higher
E/N, the signal is contributed by a compound associated with one or
more water molecules.
In the same way, the abundance of stable isotopes can provide further
information about the identity of a compound. The probability of 13C in-
corporation into a molecule rises in a linear fashion with the number of
carbon atoms in that molecule. For example, with the natural 13C abun-
dance of 1.1 %, a molecule containing 5 carbon atoms, such as isoprene
(M=68) has a chance of 5.5 % to contain exactly one 13C. With PTR-MS,
isoprene is detected as C5H+9 at m/z=69, however this signal can also be
attributed to a water-methanol cluster-ion, CH3OH (H2O)H+. If the ratio
between m/z=69 and its isotope at m/z=70 indicates a 13C abundance
close to the expected value for a 5-carbon compound (5.5 %) the signal
measured at m/z=69 is more likely to be derived from isoprene. Also in
complex gas mixtures, such as the ones derived from plant headspaces
or human breath, it is common practice to proceed along these lines
for compound identification (Crespo et al., 2011; Lindinger et al., 1998).
Additional information about the identity of the molecule species can
also be obtained from any other element with stable isotopes. Examples
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are nitrogen with an isotopic 15N/14N ratio of 0.366 %, hydrogen with
a 2H/1H ratio of 0.015 %, and sulfur with a 34S/32S ratio of 4.21 %.
However, ion-trap-based PTR-MS with the ability to perform MS/MS,
TOF-based PTR-MS with high mass resolution, or coupling of GC with
PTR-MS, are the preferred options for the unambiguous identification of
compounds (Joo et al., 2010).
Basically, there are two main issues associated with the identifica-
tion of compounds. First of all, the signal of the parent and fragment
ions (isobaric ions) from different compounds can be superimposed on
one m/z in the spectra without the possibility of discrimination. This
complicates straightforward identification of VOCs in complex mixtures.
Moreover, compounds with different structures but the same molecular
mass appear at the same m/z signal and cannot be distinguished with
a quadrupole mass filter (e.g. different monoterpenoids). To overcome
these limitations, several new technologies have been developed. Com-
bining PTR-MS with a GC, in which the VOCs are first separated by
their retention time in the GC and then detected one by one by PTR-MS,
avoids the overlap of different compounds and fragments (Warneke et al.,
2003). Proton-transfer-reaction ion-trap mass spectrometry (PIT-MS) is
another promising new development to differentiate between different
compounds with similar masses (Steeghs et al., 2004). This technique has
characteristics similar to those of the PTR-MS, except that an ion trap is
used, instead of a quadrupole as a mass analyzer. In PIT-MS, collision-
induced dissociation (CID) is performed inside the ion trap, allowing
different compounds with an identical mass to be differentiated by their
fragmentation pattern (MS/MS). This approach enables, for example, the
identification of different terpenoids and their oxygenated derivatives.
Very promising is the recent development of a high-resolution time-of-
flight (TOF) based system, PTR-TOF-MS, which is able to distinguish be-
tween isobaric molecules and allows unambiguous identification based
on exact masses (Blake et al., 2004; Ennis et al., 2005; Graus et al., 2010).
In classical PTR-MS, only one type of precursor ion (H3O+) is com-
monly employed to ionize compounds. In addition, other ions such as
30
ptr-ms : tracing hidden herbivores
NO+ and O+2 can be produced in the ion source with the switchable
reagent ions (SRI) technology (Jordan et al., 2009). These primary ions
allow compounds with proton affinities lower than that of water (e.g.
halogenated hydrocarbons) to be detected and isomeric compounds to
be distinguished.
Application of PTR-MS for Biological Research
Since its development, PTR-MS has found many applications in a wide
range of fields, including medicine (Cristescu et al., 2011), environmen-
tal sciences and atmospheric chemistry (Bamberger et al., 2010; de Gouw
and Warneke, 2007; Ruuskanen et al., 2011), food monitoring (Raseetha
et al., 2011), monitoring for safety and security at the workspace (Hansel
et al., 1995), VOC emissions from plants during various abiotic stress
conditions (Gray et al., 2010; Ruuskanen et al., 2011), and, most impor-
tantly in the context of this review, in understanding the chemistry of
plant-herbivore interactions (Brilli et al., 2011; Schaub et al., 2010).
The VOC emissions resulting from plant-herbivore interactions are
highly complex and dynamic. PTR-MS offers the opportunity to fol-
low these processes in real-time. It has proven extremely difficult to use
conventional sampling techniques and GC platforms to follow the fast
conversion processes taking place in the lipoxygenase pathway (LOX)
immediately after leaf wounding. With PTR-MS, this process has been
studied at a high time-resolution, which yielded new insights into the
regulation of this pathway (D’Auria et al., 2007; Fall et al., 1999). PTR-
TOF-MS enabled the timing of the enzymatic conversions in the LOX
pathway to be elucidated in mechanically wounded Dactlylis glomerata
plants (Brilli et al., 2011). The conversion processes were analyzed from
the initial membrane breakdown, resulting in fast emissions of C6 alde-
hydes, until the somewhat slower conversion of the intermediate C6 al-
cohols into hexyl and hexenyl acetates. Mobile PTR-MS equipment has
also been used to investigate the timing of herbivore-induced green leaf
volatiles, monoterpenoids and sesquiterpenoids in poplar trees in the
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field (Schaub et al., 2010) or to monitor VOC emissions from complex
vegetations such as grasslands or forest canopies (Bamberger et al., 2010;
Davison et al., 2008; Ruuskanen et al., 2011).
However, the examples above all relate to plant volatiles induced above
ground. To our knowledge, only one study has investigated root VOCs
by means of PTR-MS. This study analyzed VOC emissions of in vitro
cultured Arabidopsis roots after infection with a pathogen, Pseudomonas
syringae, and the aphid Diuraphis noxia. The infections induced several
simple metabolites, such as acetic acid, acetone and ethanol, and a single
monoterpenoid, namely 1,8-cineole (Steeghs et al., 2004). Interestingly,
GLVs were not found to be released by damaged Arabidopsis roots. As
the roots were grown in vitro, however, the question remains how repre-
sentative the herbivore-induced responses observed in this experiment
are for plants which are growing in the soil.
Figure 2.2: Cuvette used for dynamic headspace collections from plant roots. a
– the cuvette which consists of two parts with an air in- and outlet,
respectively. b – cuvette fitted together and tightened with a rubber-
based sealant
Therefore, we present two examples of preliminary PTR-MS results
on herbivore-induced root responses in Brassica species obtained with
a custom-made PTR-MS described in detail in Boamfa et al. (2004). We
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monitored VOCs emanating from roots of potted turnip plants (Bras-
sica rapa subsp. rapa var. Nancy) during infestation with a belowground
herbivore, the larvae of the cabbage root fly (Delia radicum). The root
headspace of infested and non-infested plants was sampled from a cu-
vette fitted around the base of the stem (Fig. 2.2). The two parts of the cu-
vette were sealed together with Terostat IX (Henkel, UK), a solvent-free,
rubber-based sealant (Crespo et al., 2012) to prevent ambient air from en-
tering. During measurements, an excess flow of hydrocarbon-free air was
maintained into the cuvette, similar to a typical dynamic headspace col-
lection setup (Tholl et al., 2006). The resulting mass scan (Fig. 2.3) shows
that the intensities of several molecular masses are enhanced in root fly
infested B. rapa roots, the identities of which were confirmed by Crespo
and coworkers (2012) by additional GC-MS analysis and PTR-MS mea-
surements of authentic standards. The induced intensities were detected
in several structurally related sulfides, some of which have been shown
to be induced in more than one Brassica species after root fly feeding,
and which are exploited as cues by parasitoids and predators (Ferry and
others 2007; Soler and others 2007). The mass-charge ratios represent-
ing dimethyl disulfide (DMDS; m/z=63) and dimethyltrisulfide (DMTS;
m/z=95) displayed considerable increases in emission rates due to herbi-
vore feeding. In addition, we also found that the biosynthetically related
compound methanethiol (m/z=49) was emitted at higher rates when
root fly larvae were feeding. Previous GC analyses have not detected
methanethiol, which might originate from the compound selectivity of
the adsorbents that have been used for collection. Interestingly, we also
found a considerable increase in m/z 60, which is related to glucosino-
late breakdown products (Crespo 2012). This is a typical characteristic
of members of the Brassicaceae after tissue damage. After disruption of
the cells, a separately stored enzyme (myrosinase) converts the glucosi-
nolates that are stored in the vacuoles into toxic and volatile products,
such as isothiocyanates and nitriles (Hopkins and others 2009). After ac-
tivation of this two-component defense mechanism, the volatile conver-
sion products are detected in the headspace of damaged plants (Pierre
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et al., 2012; Soler et al., 2007b). Our preliminary experiment shows that
glucosinolate conversion products also emanate from roots, damaged by
soil herbivores.
Figure 2.3: Identification of enhanced signals at masses correlated to volatile
organic compounds (VOCs) from Brassica rapa spp. rapa Nancy by
PTR-MS (scan mode) after root herbivory by Delia radicum (black
bars) versus control plants (white bars). [ncps] – normalized counts
per second, m/z=49 – methanethiol, m/z=60 – related to glucosino-
late breakdown products, m/z=63 – dimethylsulfide (DMS), m/z=95
– dimethyldisulfide (DMDS)
As another example, we monitored the induction of VOCs in B. juncea
roots after infestation with Delia radicum in real-time and compared it
to a control treatment (Fig. 2.4). We followed the emission of root VOCs
for several hours in SIM mode, starting immediately after ten actively
feeding second instar larvae were added to the roots. Based on the previ-
ous example, we chose to record specifically the masses which correlate
to the three sulfides from the previous experiment and the mass 60, all
of which already revealed differences between the treatments in scan
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mode (Fig. 2.3). Initially, we observed a low emission rate of only several
ppbv for these compounds, which steadily increased with longer feed-
ing times of the root flies (Fig. 2.4). In control plants, the VOC emissions
remained at a very low level, which allowed a clear distinction between
control and infested plants within a few hours after infestation. We sug-
gest that further development of PTR-MS methods and sampling set-ups
might provide us with the tools to correlate the intensities of the VOC
emissions directly to the amount of herbivore damage in a quantitative
manner. Possibly, the PTR-MS emission patterns can be used to assess
the infestation level of root herbivores or to assess the time point when
they stop feeding or start pupating by exploiting certain VOC related
masses as non-invasive markers.
Figure 2.4: Temporal dynamics of volatile organic compound emission from
Brassica juncea after root herbivory by Delia radicum (broken lines)
and a control without damage (continuous lines) by PTR-MS (SIM
mode). m/z=49 – methanethiol, m/z=60 – related to glucosinolate
breakdown products, m/z=63 – dimethylsulfide (DMS), m/z=95 –
dimethyldisulfide (DMDS)
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Conclusions
As outlined in this review, PTR-MS has in the recent years opened an
avenue for new insights into fast changing, highly dynamic processes
involved in plant VOC emissions caused by plant-environment interac-
tions. Here we show that, due to its sensitivity and the ability to record
real-time responses, PTR-MS is an excellent technique to non-invasively
trace the feeding activities of cryptically feeding root herbivores by mea-
suring VOC emissions from the root headspace.
Certainly, PTR-MS also has its practical and technical limitations. Be-
sides difficulties in linking masses without doubt to compounds, many
quadrupole-based systems lack sensitivity in the higher mass range (above
120 amu) which is relevant for plant-herbivore interactions, as many
biologically important compounds, such as several isothiocyanates or
generally hemiterpenoids and sesquiterpenoids are difficult to detect.
These shortcomings can partly be overcome by combining on-line sam-
pling with PTR-MS and off-line GC-MS methods, or by use of high sen-
sitivity PTR-MS instruments, with mass analyzers such as distinctive
quadrupoles, triple quadrupole technology, ion trap or time-of-flight,
which can provide sensitivity also in the higher mass range (Kim et al.,
2009; Tani et al., 2003). We expect that the innovative and fast-evolving
field of MS technologies will result in further improvements regarding
sensitivity and mass resolution. Consequently, PTR-MS-based technolo-
gies may soon approach detection limits even closer to the sensitivity of
insect antennae. A recently developed sensor, for example, which uses
antennae of Colorado potato beetles (Leptinotarsa decemlineata) or of jewel
beetles (Phaenops cyanea), demonstrates that insect antennae are capable
of detecting for instance the GLV (Z)-3-hexen-1-ol at around 1 ppmv and
1 pptv, for the two species, respectively. Compared to that, the detection
limits in PTR-MS are already in a similar range of several parts per tril-
lion volume, depending on the properties of the instrumentation.
Finally, time-resolved and sensitive on-line sampling of root-induced
volatiles with PTR-MS will certainly contribute to our understanding of
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the role of VOCs in belowground multi-trophic interactions. In particu-
lar, linking real-time responses in the emission of VOCs to immediate be-
havioral responses of herbivores, and to the higher trophic levels of par-
asitoids and predators will unravel further details of the VOC ‘language’
among plants and between plants and insects. This may be achieved
by ‘sniffing out’ the VOCs in parallel with olfactometer assays, a prime
example of which is the development of a six-arm olfactometer, simulta-
neously equipped with a VOC sampling unit (Turlings et al., 2004). In a
similar way, coupling PTR-MS analyses with microbial bioassays could
help to disentangle the impact of belowground plant VOCs on other soil
organisms, such as pathogens and microbes (Effmert et al., 2012).
In addition to that, new approaches in multivariate statistical analyses
will facilitate discriminating biologically meaningful information from
noise contained in these increasingly complex mixtures (Jansen et al.,
2010; van Dam and Poppy, 2006) with steadily increasing numbers of
compounds due to the rising sensitivity of instrumentation. Last but not
least, improving our methods for non-destructive plant VOC sampling
from soil environments will complement the knowledge we have already
gained from aboveground plant organs, with further discrepancies and
similarities being discovered between the two compartments of plants
living apart together. With a more complete perspective on plant VOCs
and their biological roles we might later be able to complement our cur-
rent perceptions of plant defenses, adapted to a perspective of the whole
plant.
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abstract
Studies on aboveground (AG) plant organs have shown that volatile or-
ganic compound (VOC) emissions differ between simultaneous attack
by herbivores and single herbivore attack. There is growing evidence
that interactive effects of simultaneous herbivory also occur across the
root-shoot interface.
In our study, Brassica rapa roots were infested with root fly larvae
(Delia radicum) and the shoots infested with Pieris brassicae, either singly
or simultaneously, to study these root-shoot interactions. As an ana-
lytical platform, we used Proton-Transfer-Reaction Mass Spectrometry
(PTR-MS) to investigate VOCs over a three day time period. Our set-
up allowed us to monitor root and shoot emissions concurrently on
the same plant. Focus was placed on the sulfur-containing compounds
methanethiol, dimethylsulfide (DMS), and dimethyldisulfide (DMDS),
because these compounds previously have been shown to be biologi-
cally active in the interactions of Brassica plants, herbivores, parasitoids,
and predators, yet have received relatively little attention.
The shoots of plants simultaneously infested with AG and below-
ground (BG) herbivores emitted higher levels of sulfur-containing com-
pounds than plants with a single herbivore species present. In contrast,
the emission of sulfur VOCs from the plant roots increased as a conse-
quence of root herbivory, independent of the presence of an AG herbi-
vore. The onset of root emissions was more rapid after damage than the
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onset of shoot emissions. The shoots of double-infested plants also emit-
ted higher levels of methanol. Thus, interactive effects of root and shoot
herbivores exhibit more strongly in the VOC emissions from the shoots
than from the roots, implying the involvement of specific signaling inter-
actions.
introduction
Upon herbivore attack, plants employ an arsenal of defense responses,
including the production of volatile organic compounds (VOCs). These
herbivore-induced plant volatiles have long been recognized as an indi-
rect defense mechanism against herbivores by attracting natural enemies
of the herbivores (Price et al., 1980). Many studies have investigated plant
volatile mediated interactions aboveground (AG) (reviewed in Heil and
Ton, 2008; Mumm and Dicke, 2010). Volatile organic compound emis-
sions also are active in belowground (BG) tri-trophic interactions (van
Tol et al., 2001; Neveu et al., 2002; Rasmann et al., 2005). As a conse-
quence, the induction of VOCs by BG herbivores and their role in attract-
ing natural enemies to the plant has gained more attention (Ferry et al.,
2007; Ali et al., 2010; Raseetha et al., 2011; Crespo et al., 2012; Pierre et al.,
2012; van Dam et al., 2012).
Most studies on induced indirect defenses, either above- or below-
ground, have investigated natural enemy responses and VOCs of plants
damaged by a single herbivore species. In nature, plants are frequently
challenged by attacks from multiple species, either simultaneously or se-
quentially. Studies on multiple herbivores and their effect on AG multi-
trophic interactions have shown that simultaneous attacks by different
species of herbivores result in induced responses that differ significantly
from those seen after single herbivory (Dicke et al., 2009). As a conse-
quence, the interactions of multiple species can affect the behavior of
higher trophic levels, and thus may compromise the effectiveness of
VOCs as indirect defenses (Soler et al., 2005; de Rijk et al., 2013). When
the VOC profile is changed by a non-host present on the same plant,
the searching efficiency and oviposition rates of parasitoids using VOCs
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as cues to find their host may be reduced (de Rijk et al., 2013). There
is growing evidence that such interactive effects via herbivore induced
responses also occur across the root-shoot interface (Bezemer and van
Dam, 2005; Soler et al., 2005, 2007b; van Dam and Heil, 2011; Soler et al.,
2013). Thus, AG and BG herbivores and their natural enemies form a
complex network of interacting species connected via systemically in-
duced plant responses (Wardle et al., 2004; Bezemer and van Dam, 2005).
One of the best studied AG-BG multitrophic complexes consists of
Brassica spp infested with the shoot herbivore Pieris brassicae (large cab-
bage white) and the root herbivore Delia radicum (cabbage root fly), and
their respective parasitoids Cotesia glomerata and Trybliographa rapae. Both,
shoot feeding by Pieris spp., as well as root damage by D. radicum larvae,
elicit the production of a wide variety of VOCs in the headspace of the
plant (Geervliet et al., 1997; Pierre et al., 2011b). These herbivore-induced
VOCs have been shown experimentally to serve as cues for both AG and
BG parasitoids. Sulfur-containing compounds may play a role in these
interactions. Specifically, root fly damage causes an induced emission
of methanethiol, dimethylsulfide (DMS), and dimethyldisulfide (DMDS)
from roots (Crespo et al., 2012; van Dam et al., 2012). Staphylinid bee-
tles, the main predators of D. radicum, are attracted by DMDS to Delia-
infested plants (Ferry et al., 2007). It has been suggested that DMDS also
serves as a signal for AG foraging C. glomerata parasitoids. They use
it as a cue to avoid ovipositing in caterpillars feeding on the shoots of
root fly infested plants on which the performance of their offspring is
reduced (Soler et al., 2005). Isothiocyanates (ITCs), the reaction products
of glucosinolates and myrosinase, are another class of sulfur-containing
compounds typical for Brassicaceae and important in this system. They
are attractive to both the cabbage root fly (Kostal, 1992) and to special-
ist AG herbivores searching for Brassica hosts (Bruce, 2014). In addition,
ITCs also may serve as a cue to parasitoids specialized on Brassica herbi-
vores (Pope et al., 2008; Mumm and Dicke, 2010). Upon formation after
damage, ITCs may be partly converted into sulfides by the enzyme TMT,
supposedly reducing autotoxicity of these reactive compounds (Attieh
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et al., 2000). Thus, sulfur containing VOCs are a biologically relevant
segment of the infochemical network of Brassica species. However, com-
pared to other herbivore-induced VOCs, such as terpenes or green leaf
volatiles (see Mumm et al., 2008), they have received relatively little at-
tention so far.
The present study examines how feeding by P. brassicae on the shoot
or root feeding by D. radicum, alone and in combination, influences
the emission of sulfur-containing VOCs emitted from wild Brassica rapa
plants. Previous studies on the herbivore-induced VOC emissions of
Brassica plants have either analyzed BG induced responses only (Cre-
spo et al., 2012; van Dam et al., 2012), or the VOCs were collected from
the total headspace of roots and shoots together (Geervliet et al., 1997;
Soler et al., 2007b; Pierre et al., 2011b). Instead, our experiment used a
set-up that allowed root and shoot emissions to be monitored separately,
yet concurrently on the same plant. Thus, we could assess whether the
changes in the behavior of AG or BG parasitoids towards double-infested
plants are due to local or to systemic induced responses. Moreover, in-
teractive effects on the induced response due to herbivory on the other
plant organ could be identified by comparing organ-specific responses
of single and double-infested plants.
Time-resolved measurements may provide a better insight into the oc-
currence of diurnal patterns and other temporal variations in herbivore-
induced VOC emissions than conventional VOC collections. A more de-
tailed knowledge of such temporal patterns may contribute to a better
understanding of the ecological role of VOCs, especially regarding vari-
ation in behavioral responses of organisms, such as parasitoids, over
the course of the plant-herbivore interaction (see Mathur et al., 2013a).
Here, we used Proton-Transfer-Reaction Mass Spectrometry (PTR-MS)
to simultaneously monitor VOCs emitted from roots and shoots over a
period of three to four days. The instrument uses H3O+ to chemically
ionize VOCs, which are subsequently analyzed by a quadrupole mass
spectrometer according to their mass-to-charge ratio, m/z (usually their
molecular mass plus 1; Boamfa et al., 2004). This technique allows for
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the monitoring of VOC emissions, without any pre-analytical steps, at
and below ppbv levels (ppbv, parts per billion per volume). The plant
organs were enclosed by cuvettes and their emissions entered directly
into the instrument, making possible the study of VOC emissions on-
line. A detailed description of the technique for the analyses of plant
VOCs has been published previously (Danner et al., 2012). In addition
to sulfur-containing VOCs, we also monitored methanol (m/z 33) emis-
sions. Studies on other plant species have shown that methanol emis-
sions from shoots increase strongly upon AG herbivory (von Dahl et al.,
2006; Penuelas et al., 2014). However, it is as yet unknown whether root
herbivory has a similar effect on roots or shoots.
With our experimental setup, we measured local, systemic, and inter-
active effects of single and dual herbivory on sulfur-containing VOCs
emitted from roots and shoots of Brassica rapa. Based on previous obser-
vations of changes in the whole plant headspace and altered parasitoid
behavior towards double-infested plants, (Soler et al., 2007b; Pierre et al.,
2011a,b), we postulated that double infestations would enhance the emis-
sions of sulfur compounds from both compartments. Our results provide
insights into the potential mechanisms, such as the direction of defense
signaling between roots and shoots on single and double-infested plants.
material and methods
Plants and Insect Rearing
Seeds were provided by Tom de Jong of Leiden University (The Nether-
lands) and originated from a wild population of Brassica rapa (Maarsen,
The Netherlands) in 2009. Seedlings were obtained by germination onto
glass beads, held in plastic containers closed with a transparent plastic
lid and kept at constant temperature and humidity (24 ◦C, 70% rel. hu-
midity) under long day conditions (16h:8h L:D cycle) in a climate cham-
ber for one week (SNIJDERS Labs, Tilburg, The Netherlands). Seedlings
subsequently were transferred to 2.2 l pots, (11 x 11 x 21.5 cm) filled
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with potting soil (Lentse Potgrond n°4, Horticoop, Bleiswijk, The Nether-
lands) and covered with a 3 cm layer of plain river sand, which facilitated
the assessment of root damage and the access to root fly larvae and pu-
pae. Seedlings were placed in the center of a sand-filled plastic foil ring,
(height 3 cm) placed on top of the sand layer. The ring including the
sand was removed before the VOC collections so that shoot enclosures
as well as root cuvettes could be easily assembled to the plant’s stem-root
interface (Figure 3.1).
Plants were grown in an insect-free greenhouse for four weeks main-
taining the L:D cycle at 16:8 h with high-pressure sodium lamps (Philips,
Eindhoven,The Netherlands) when photosynthetically active radiation
was lower than 250 µmol ·m−2 · s−1, until they had at least six fully
developed leaves. Root fly larvae were obtained from our own rearing,
maintained on turnips as described in Neveu et al. (2002). Larvae in the
second and third instar (L2/L3) were used. Pieris brassicae caterpillars
were obtained as eggs from a culture at Wageningen University (The
Netherlands) and reared on broccoli plants until L2/L3 stage.
Plant Treatments and Herbivore Infestations
Plants were infested either belowground with root fly larvae (Delia radicum),
aboveground with Pieris brassicae caterpillars, or below- and aboveground
with both herbivores. Control plants remained insect-free. Infestations
with D. radicum consisted of 6 − 8 L2/L3 larvae depending on the di-
ameter of the visible upper part of the main root. Infestations with P.
brassicae consisted of 15− 20 L2/L3 caterpillars depending on the size of
the plant leaves to obtain damage levels between 5 and 10 % after three
days of continuous feeding. Immediately after the plants were infested
with their respective herbivores, they were prepared for sampling as de-
scribed in the next section. Plants were harvested immediately after the
measurements had finished (approx. 86 h after infestation with herbi-
vores). Shoot herbivory was estimated by visual inspection and scored
in 5 different classes (0− 1, 1− 5, 5− 10, 10− 20, 20− 50 %).
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Figure 3.1: Schematic overview of the set-up for measuring root and shoot emit-
ted volatile organic compounds (VOCs). A constant flow of 2.25 l/h
hydrocarbon-free air was applied to flush the headspace of root-
cuvettes and PET oven bags which served as the cuvettes for the
aboveground (AG) plant parts. Inset 1: Schematic drawing of the root
cuvette. The gap between the two parts was closed with a solvent-
free rubber-based sealant. Inset 2: The plants potted with an addi-
tional plastic ring (removed before measurements) to give access to
the root-stem interface for attaching root cuvettes and oven bags.
For assessing root damage, we carefully washed the roots, and noted
whether and to what extent the roots were damaged by larval feeding,
based on the total area of brown feeding trenches on the surface of the
main root. We distinguished four categories: no visible damage; visi-
ble, darkened feeding trenches; substantial feeding trenches; cut-off root.
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After assessing the damage, roots and shoots were flash-frozen immedi-
ately in liquid nitrogen and subsequently freeze-dried to determine dry
weights.
Proton Transfer Reaction Mass Spectrometry (PTR-MS)
Time-resolved measurements of VOCs were accomplished with an in-
house constructed PTR-MS described in detail in Boamfa et al. (2004).
The instrument was used in selective ion monitoring (SIM) mode, with
settings optimized for measuring sulfur compounds (Samudrala et al.,
2015). The calibration of the system was performed with a standard
gas mixture containing seven pure compounds (acetaldehyde, acetone,
isoprene, benzene, toluene, xylene, and α-pinene) in the range from
32 − 136 Da in concentrations of 1 ppmv (± 5 %; Linde, Dieren, The
Netherlands) in nitrogen. As this study focused on sulfides, which were
not contained in the standard gas mixture, separate standards were pre-
pared for methanethiol (m/z 49), dimethylsulfide (m/z 63, DMS) and
dimethyldisulfide (m/z 95, DMDS). All standards were diluted with
hydrocarbon-free air to obtain a calibration curve with at least five points
in the range between 100 and 600 ppbv (ppbv – parts per billion per vol-
ume), which covers plant emission rates (Crespo et al., 2012; Danner
et al., 2012; van Dam et al., 2012). In this way, we obtained calibration
factors for these compounds and used them to convert the ion intensities
into gas mixing ratios (ppbv, parts per billion per volume).
Roots and shoots from several plants were measured simultaneously
by using a valve system with 17 channels. An Arduino MEGA board
(Arduino, Italy) together with a custom made program written in the
Arduino Software environment controlled the valves to obtain consecu-
tive cyclic measurements of all replicates and treatments. Each cuvette
was sampled in turn for an average of 450 s with a mean dwell time of
0.32 s for each m/z. In this way, VOC emissions from AG and BG organs
of eight plants could be measured for three consecutive days. We per-
formed four experiments, each with two replicates for each of the four
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treatments. After recording the emissions of specific masses in selective
ion monitoring mode, the resulting data were exported to a text file and
further processed with a custom-written script in R (R Core Team, 2014).
The AG plant parts were enclosed in PET oven bags (45 x 55 cm, Du-
mil®, ITH Complast, Zwijndrecht, The Netherlands), tightly closed be-
low the rosette leaves with a cable tie. A flow of clean air (2.25 l/h)
was continuously maintained through the oven bag during the measure-
ment period. Headspace samples for PTR-MS analysis were collected
at a rate slightly below the incoming flow (2 l/h), while maintaining a
higher influx rate of 0.25 l/h to reduce contamination from the surround-
ings. Roots were enclosed with custom-made cuvettes, (see Danner et al.,
2012), fixed with a solvent-free rubber-based sealant (Terostat IX, Henkel,
UK). Flows were the same as for the AG plant parts. The differently
treated plants were randomly connected to the valves to avoid systemic
errors. The temperature in the lab was kept constant at 21 ◦C through-
out the experiments, while a light-dark cycle of 16:8 h was maintained
with LED plant lights (6 x 30 W, Green Power LED, Philips, Eindhoven,
The Netherlands). PTR-MS data were averaged over the time that each
cuvette was sampled each turn (450 s). As these periods differed slightly
between experiments, a moving average with a width of 4 h was calcu-
lated to obtain the same number of sampling time points from each of
the experimental replicates.
As PTR-MS is a low-selective method (with standard mass resolution
set to unity), a complementary method was used in addition to the on-
line detection with the PTR-MS for positive identification of compounds.
We confirmed the presence of compounds in the headspace of roots and
shoots by collections on thermal desorption tubes filled with 100 mg
Tenax TA (60/80 mesh; Supelco, Bellefonte, PA, USA) and subsequent
GC/MS analyses following the protocols in Biesterbos et al. (2014) (see
Figure S1 on page 175 for reference spectra).
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Data Analyses and Statistics
All statistics, data analyses and graphs were produced using the statis-
tical software package R (R Core Team, 2014). The dry weights of the
shoots and roots (3 experiments) were checked for normality (Shapiro-
test, P > 0.05). While shoot dry weights fulfilled the criteria for nor-
mality (P > 0.05), root dry weights only matched the criteria after log-
transformation. ANOVA showed that neither shoot nor root dry weights
differed between treatments (F = 0.958, P > 0.05 and F = 2.12, P > 0.05,
respectively), although they did differ between experimental runs; dry
weight differed for both shoot and root tissues (F = 12.65, P < 0.001 and
F = 29.85, P < 0.001, respectively; Figure S2 on page 176). The emission
data were standardized with the plant dry weights to correct for differ-
ences between experimental runs and differently sized plants. The aver-
age of the dry weights for shoot and root tissues over all experiments
was used to standardize the signals from the first of the four experi-
ments, for which dry weights were missing. The distribution of damage
levels across treatments was investigated with a Chi-Square test. No dif-
ferences in damage percentage were found between treatments for either
AG or BG organs (P = 0.319, P = 0.606, respectively).
Statistical Analysis of Time Series Data
The emission data vary not only in time, but also between experiments.
There were not sufficient data points recorded to determine an appro-
priate model for the entire time series. Therefore, we reduced the data
to produce a reasonable model by choosing five time points uniformly
spread over the entire time interval at precisely 12, 28, 44, 60 and 76
hours after the start of the experiment. Due to the dynamic range of the
data, they were log (1 + x)-transformed to obtain normality. The emis-
sion levels at the chosen time points turned out to be strongly corre-
lated. Therefore, we could not use a standard linear model approach.
Instead, we modeled 4 (treatments) x 8 (replicates) = 32 vectors describ-
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ing the dynamics of the emissions over the 5 chosen time points. Using
these vectors, we designed a model to detect differences in emissions pat-
terns between treatment groups. We used a simple dependence structure,
whereby we assumed that the measurements at our five time points had
the same covariance structure as a first order autoregressive time series
(Shumway and Stoffer, 2011).
This means that if X = (X1, X2, . . . , X5) is the measured vector, then the
covariances are given by
Cov(Xi,Xj) = σ 2 ρ |i− j|
Here, σ > 0 and ρ ∈ [−1, 1] are unknown parameters that were esti-
mated from the data: σ represents the standard deviation of the emission
at a time point and ρ represents the correlation between two subsequent
time points. After estimating the parameters, we found a strong correla-
tion between time points with ρ = 0.8 on average. To this end, we used
a one-sided t-test, taking into account the special covariance structure of
the model. After estimating ρ and σ in the full model, we looked at the
difference in the average of the five time points and standardized this
difference by dividing it by its own estimated standard deviation (which
only depends on σ and ρ). Based on this, we calculated a one-sided p-
value for each comparison (each treatment against all others; see Table
S1 on page 173).
results
We confirmed the positive identification of sulfur compounds monitored
on-line with PTR-MS with GC/MS analysis of the same compounds col-
lected from the plant headspace on thermodesorption tubes (for mass
spectra see Figure S1 on page 175). Several volatile organic sulfur com-
pounds [m/z 49 – methanethiol, m/z 63 – dimethylsulfide (DMS), and
m/z 95 – dimethyldisulfide (DMDS)] as well as methanol (m/z 33) were
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emitted from both AG and BG plant parts with stronger overall emission
rates from belowground tissues in all treatments.
Aboveground VOCs
Plants infested with both herbivores emitted methanethiol from their
shoots in higher quantities than in any other treatment (Figure 3.2a, P
< 0.01). Methanethiol emissions of shoot-infested plants were induced
only slightly and were not statistically different from control plants (P =
0.063). When both herbivores were feeding simultaneously, DMS emis-
sions from the shoots were increased compared to controls and root-
infested plants (Figure 3.2b, P < 0.05), whereas they were not signifi-
cantly different from shoot-infested plants. Plants infested only on their
shoots still emitted more DMS than controls (Figure 3.2b, P < 0.05). The
DMDS emissions from double-infested plants were enhanced overall,
but did not differ statistically from shoot-induced or root-induced plants
(Figure 3.2c, P = 0.066 and P = 0.068, respectively). DMDS emissions of
control plants were significantly different over the course of the experi-
ment from those of shoot and root-infested plants; at several time points,
the emissions of DMDS from controls exceeded that of root or shoot
infested plants (Figure 3.2c, P < 0.05).
Emission of methanol from AG tissues showed a diurnal rhythm in all
treatments (Figure 3.4a) with maxima during the night. Emissions were
highest in double-infested plants, which emitted more methanol than
controls and root-infested plants (Figure 3.4a, P < 0.01). Additionally, P.
brassicae infested plants emitted more methanol than root-infested plants
(P < 0.01), but not significantly more than control plants (Figure 3.4a, P
= 0.074).
Temporal Dynamics of Aboveground Sulfur VOC Emissions
Pieris brassicae infestation increased local AG emissions of methanethiol
and DMS from shoots at about 55 hours after infestation (Figure 3.2
a, b), whereas emission of DMDS remained at the level of the controls
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Figure 3.2: Time-resolved emission of sulfur-containing compounds from Bras-
sica rapa shoots aboveground infested only with root feeding Delia
radicum larvae (green lines plus circles), leaf feeding Pieris brassicae
larvae (blue line plus squares) or both (red line plus crosses). Grey
lines are undamaged plants. Emission of methanethiol (m/z 49; panel
a), dimethylsulfide (DMS; m/z 63; panel b), and dimethyldisulfide
(DMDS; m/z 93; panel c) are represented in gas mixing ratios (parts
per billion volume) normalized over the dry weight (in gram) of the
respective plant organ. Colored bands represent the standard errors
(± 1 SE, n = 8). Night periods are indicated by grey shading. Differ-
ent letters indicate the results of the autoregressive time series model
(see Table S1 on page 173).
Figure 3.3: Time-resolved emission of sulfur-containing compounds from Bras-
sica rapa roots belowground infested only with root feeding Delia
radicum larvae (green lines plus circles), leaf feeding Pieris brassicae
larvae (blue line plus squares) or both (red line plus crosses). Grey
lines are undamaged plants. Emission of methanethiol (m/z 49; panel
a), dimethylsulfide (DMS; m/z 63; panel b), and dimethyldisulfide
(DMDS; m/z 93; panel c) are represented in gas mixing ratios (parts
per billion volume) normalized over the dry weight (in gram) of the
respective plant organ. Colored bands represent the standard errors
(± 1 SE, n = 8). Night periods are indicated by grey shading. Differ-
ent letters indicate the results of the autoregressive time series model
(see Table S1 on page 173).
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throughout the measurements (Figure 3.2c). Double-infested plants al-
ready started to emit higher amounts of DMS and DMDS than con-
trols, around 20 hours post infestation, with another emission peak for
all three compounds at 60 hours post infestation. This increase con-
tinued until the end of the measurements. All sulfur compounds re-
sponded similarly when plants were infested with both herbivores, but
DMDS emissions initially did not differ as strongly from the other treat-
ments as DMS and methanethiol. Root infestation with Delia radicum
alone had minor effects on the systemic emission of sulfides from shoots;
methanethiol and DMS emission increased only slightly and not signifi-
cantly over control levels.
Belowground VOCs
Root-infested and double-infested plants emitted higher amounts of meth-
anethiol than controls (P < 0.001) and shoot-infested plants (Figure 3.3a,
P < 0.05). Shoot infestation also appeared to increase methanethiol emis-
sions, but not significantly (Figure 3.3a, P = 0.069). Emissions of DMS
and DMDS showed the same pattern globally as methanethiol (Figure
3.3 a, c). Shoot-induced plants also emitted higher levels of DMS than
controls (Figure 3.3b, P < 0.05). After root infestation and double in-
festation, DMDS was emitted in higher amounts compared to controls
(Figure 3.3c, P < 0.001), and shoot-infested plants (P < 0.01). Emission of
DMDS was enhanced overall in dual infested plants compared to single
infestations (P = 0.051). Methanol emissions from roots did not show a
diurnal pattern (Figure 3.4b), but control plants emitted higher amounts
of methanol compared to root-infested and double-infested plants (P <
0.05).
Temporal Dynamics of Sulfur Compound Emissions Belowground
The temporal pattern of root emissions was completely different from
the temporal pattern of shoots. At most time points, plants with only
root infestation emitted similar amounts of sulfur-containing VOCs from
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Figure 3.4: Time-resolved emission of methanol (m/z 33) from Brassica rapa
shoots (a, upper panel) and roots (b, lower panel) infested only with
root feeding Delia radicum larvae (green lines plus circles), leaf feeding
Pieris brassicae larvae (blue line plus squares), or both (red line plus
crosses). Grey lines are undamaged plants. Methanol emissions are
represented in gas mixing ratios (parts per billion per volume) nor-
malized over the dry weight (in gram) of the respective plant organ.
Colored bands represent the standard errors (± 1 SE, n = 8). Night
periods are indicated by grey shading. Different letters indicate the
results of the autoregressive time series model (see Table S1 on page
173).
roots as plants infested by both herbivores (Figure 3.3 a-c). Furthermore,
the first emission maximum for all sulfur compounds appeared simulta-
neously at around 20 hours post infestation. Moreover, there was a sec-
ond emission peak at around 65 hours and a final increase at the end of
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the measurement period that was steeper for plants infested with both
herbivores. Additionally, we found a slight systemic increase in sulfur
compounds after shoot infestation with P. brassicae, which did not occur
in shoots of plants infested with root fly larvae only.
discussion
In this study, we showed that shoots of plants infested with both AG
and BG herbivores emitted higher amounts of sulfur-containing com-
pounds than those with a single herbivore. With the exception of DMS,
AG herbivory alone did not significantly increase sulfur VOC emissions
over control levels. We observerd no systemic effects of root herbivore
feeding on shoot sulfur VOC emissions. Thus, the interactive effects of
root and shoot herbivores are a prerequisite for enhanced emissions of
sulfur-containing compounds from AG tissues. In BG tissues, infestation
with root herbivores alone was sufficient to induce fast and strong local
emissions of all three sulfur-containing compounds: the addition of a
shoot herbivore to the same plant did not further increase belowground-
induced sulfur VOC emissions. Shoot herbivory alone caused a slight,
but significant systemic response in DMS emissions from roots. Overall,
roots emitted higher amounts of sulfur-containing VOCs per gram dry
mass than shoots. Moreover, the local response to herbivory with regards
to sulfur VOC emissions was faster and showed a more dynamic pattern
over time in roots than in shoots. In addition, we found that methanol
emissions from the shoots showed clear diurnal patterns, whereas root
emissions did not. In shoots, methanol emissions were increased by AG
herbivory as well as by double herbivory, whereas root emissions from
infested plants generally decreased.
Interactive effects of herbivores on plant VOC emissions have been de-
scribed previously for AG plant parts under attack by multiple species
(Dicke et al., 2009). Our results add to the evidence that such interac-
tions also occur between root and shoot feeding herbivores. However,
for sulfur-containing VOCs emitted from double-infested B. rapa plants,
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the observed AG-BG interactive effects are not symmetrical. Shoot emis-
sions were clearly enhanced by the presence of root feeders on the same
plant, whereas locally induced emissions from roots were not further
increased by an additional herbivore aboveground. The first result sup-
ports the hypothesis that sulfur-containing compounds can serve as a
reliable cue to C. glomerata wasps, indicating the presence of root herbi-
vores on a plant where their preferred host, P. brassicae, is feeding (Soler
et al., 2007b). Moreover, the data show that differences in shoot emis-
sions alone may be sufficient for these wasps to learn to distinguish
the difference between single or double-infested plants (Kruidhof et al.,
2013); diffusion of BG produced sulfides into the AG headspace, if at all,
would not provide additional cues. This does not preclude that changes
in the emissions of other VOCs, such as terpenes, whose emissions de-
crease in root-induced plants, add to the ability of the wasps to discrim-
inate between plants with different combinations of root and shoot her-
bivores (Soler et al., 2007b; van Dam et al., 2010). The same differences
in VOC profiles can be used by the D. radicum parasitoid, T. rapae. It has
been shown previously that this parasitoid, while hunting for a BG host,
specifically responds to volatile cues from AG plant parts (Neveu et al.,
2002; Pierre et al., 2011a). Similar to C. glomerata, which prefer plants
infested only with their host over plants infested also on the roots, the
BG parasitoid T. rapae prefers plants without herbivores feeding on the
shoots simultaneously with the roots (Pierre et al., 2011a). As root her-
bivory alone did not increase emissions of sulfur-containing compounds
over control levels, these parasitoids most likely use information carried
by other classes of VOCs, such as 4-methyltridecane, to locate plants in-
fested with Delia larvae only (Pierre et al., 2011b). Detection of long chain
alkanes, such as 4-methyltridecane was observed with PTR-MS by using
different optimum settings from those used herein, suggesting that de-
tecting this class of VOC from plant sources also may be possible with
PTR-MS (Erickson et al., 2014).
The lack of response in AG tissues after shoot herbivory may be at-
tributed to our focus on sulfur-containing compounds. DMDS has been
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found previously to decrease after P. brassicae feeding on two different
cabbage cultivars (Geervliet et al., 1997). This and other studies also have
shown that other VOCs, such as terpenes and acetates, may be induced
more strongly than sulfur compounds by caterpillars feeding on Brassica
plants (Pierre et al., 2011b).
Other than for shoot emissions, sulfur VOC emissions from B. rapa
roots were not further enhanced by the presence of an AG herbivore,
despite the fact that AG herbivory alone significantly induced BG DMS
emissions. This is in contrast with other studies where AG herbivory of-
ten reduces the emissions of BG induced volatiles. For example, in corn
infested with the root herbivore Diabrotica virgifera, (E)-β-caryophyllene
content from the roots decreased when a shoot herbivore was feeding
simultaneously (Rasmann and Turlings, 2007). Similarly, grass hybrids
showed reduced emissions of terpenes, acetic acid and C6 compounds
when infested with an AG endophyte (Rostas et al., 2015). The eco-
logical role of sulfide emissions in BG multitrophic interactions is less
intensively studied than that of root emitted terpenes (Penuelas et al.,
2014). For DMDS, it is known that ground dwelling predators such as
staphylinid beetles effectively respond to this compound to locate root
fly eggs and larvae (Ferry et al., 2007). On the other hand, adult female
root flies themselves are deterred by high levels of DMDS (Ferry et al.,
2009), which prevents them ovipositing on plants already heavily in-
fested by competitors for their offspring. Whether methanethiol, DMS or
DMDS is specifically well-suited for BG signaling, as has been shown for
certain glucosinolate breakdown products (Matthiessen and Kirkegaard,
2006) and (E)-β-caryophyllene emitted by maize roots (Rasmann et al.,
2005) needs to be investigated.
Interestingly, the emissions of roots and shoots follow independent
temporal patterns; sulfide emissions from roots increased much faster
upon local herbivory than in shoots. This may be explained by the fact
that both larval feeding as well as mechanical wounding may increase
the rapid emission of methanethiol, DMS and DMDS from the roots
of B. rapa (van Dam et al., 2012). Similar information for the induction
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of sulfides in shoots is missing, but the fact that sulfide emissions AG
increased much later suggests that their production in the shoot may
require the expression of specific genes, such as thiomethyl transferase
(TMT) or cysteine-S-lyase (Chin and Lindsay, 1994; Attieh et al., 2000).
Whether these and other genes, e.g., involved in the different signaling
pathways, are differentially expressed under single and dual herbivory
should be elucidated by transcriptome analyses.
Both shoots and roots were found to emit methanol, but the observed
response to herbivory was herbivore dependent. Similar to what has
been reported from other plant species (Penuelas et al., 2005; von Dahl
et al., 2006), shoot damage increased methanol emissions from B. rapa
shoots. However, this increase was much stronger in double-infested
plants, suggesting that enzymes involved in methanol production must
be more strongly activated when there is simultaneous root feeding
(Korner et al., 2009). Root damage alone did not result in significantly
increased methanol emissions from the shoots, indicating that the en-
hanced emissions in double-infested plants result from cross-talk be-
tween differently induced signaling pathways. Root emissions gener-
ally decreased upon herbivory, independent on where the herbivore
was feeding. It is known that roots contain the gene coding for pectin
methylesterase (PME) responsible for the production of methanol (Oikawa
et al., 2011). It is not known if the regulation of this gene is contingent on
the organ in which it is activated and we propose that given our results,
this should be tested. The exact biological role of methanol is not well
known. It may either serve as an induction signal triggering defense re-
sponses in plants (von Dahl et al., 2006) or provide broad spectrum insect
resistance (Dixit et al., 2013).
In summary, interactive effects of root and shoot herbivores mainly af-
fect the emissions of sulfur-containing volatiles and methanol from the
shoots and not from the roots. This implies that there are specific inter-
actions on the level of signaling hormones that determine shoot VOC
emissions. The nature of these interactions is currently being analyzed
in more detail on the transcriptome and phytohormone level.
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summary
• Herbivore induced plant volatiles (HIPVs) serve as specific cues
to higher trophic levels. Novel, exotic herbivores entering native
foodwebs may disrupt the infochemical network due to changes in
HIPV profiles.
• Here we analysed HIPV blends of native Brassica rapa plants in-
fested with either one of ten herbivore species with different co-
existence histories, diet breadths and feeding modes. Partial least
squares (PLS) models were fitted to assess whether HIPV blends
emitted by Dutch B. rapa differ between native and exotic herbi-
vores, specialists and generalists, and between piercing-sucking
and chewing herbivores. These models were used to predict the
status of two additional herbivores.
• We found that HIPV blends predict the evolutionary history, diet
breadth and feeding mode of the herbivore with an accuracy of
80 percent or higher. Based on the HIPVs, the PLS models reliably
predicted that Trichoplusia ni and Spodoptera exigua are perceived as
exotic, leaf chewing generalists by Dutch B. rapa plants.
• These results indicate that there are consistent and predictable dif-
ferences in HIPV blends depending on global herbivore character-
istics, including co-existence history. Consequently, native organ-
isms may be able to rapidly adapt to potentially disruptive effects
of exotic herbivores on the infochemical network.
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introduction
In response to herbivory, plants emit complex blends of herbivore-indu-
ced plant volatiles (HIPVs) (Reymond et al., 2000; Unsicker et al., 2009;
Dudareva et al., 2013). Plants are able to recognize herbivore species
and tailor their response accordingly, amongst others based on chemi-
cal elicitors present in the herbivores’ saliva (Mithofer and Boland, 2008;
Bonaventure, 2012). Because of this, HIPVs have been hypothesized to
be a rich source of information for organisms associated with plants,
and thus are considered a major component of the so-called ”infochem-
ical network” (Vet and Dicke, 1992; Shiojiri et al., 2001; Dicke and Bald-
win, 2010; Desurmont et al., 2014). For example, herbivorous insects use
HIPVs to avoid plants that are already occupied by herbivores (De Moraes
et al., 2001; Kessler and Baldwin, 2001; Zakir et al., 2013). Higher trophic
levels, such as predators and parasitoids of arthropod herbivores, use
HIPVs to locate their host or prey (Vinson, 1976; Dicke and Sabelis, 1988;
Dicke and Baldwin, 2010; Amo et al., 2013). The adaptive value of exploit-
ing HIPVs to enhance host location efficiency has been well established
for parasitic wasps, which may also learn specific compounds in HIPV
blends to increase their foraging efficiency (Meiners et al., 2003; Hoedjes
et al., 2011; Kruidhof et al., 2015). From the plant’s perspective, it has
been hypothesized that HIPVs should evolve toward higher specificity
in order to become a reliable signal for specialized natural enemies (Vet
and Dicke, 1992).
Feeding mode is a main trait based on which plants can recognize
herbivores. Leaf chewing insects are known to trigger specific signal-
ing pathways and to induce different HIPVs than piercing-sucking in-
sects (Howe and Jander, 2008; Bidart-Bouzat and Kliebenstein, 2011; Ver-
heggen et al., 2013). A recent meta-analysis including more than 100
studies on HIPVs found that, overall, leaf chewing herbivores induced
more volatiles than sap-feeders (Rowen and Kaplan, 2016). In addition,
this meta-analysis identified that the degree of host specialization may
be another factor explaining differences in HIPV emissions (Rowen and
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Kaplan, 2016). Specialists were found to induce similar numbers of com-
pounds than generalists, but in higher quantities. It was mentioned, how-
ever, that these conclusions were likely confounded by differences in the
representation of sucking herbivores in the specialist (19 %) and general-
ist (~50 %) classes. Moreover, the authors explicitly mentioned that there
are too few studies ‘directly comparing volatile induction by generalist
and specialist herbivores’ (Rowen and Kaplan, 2016). In addition, the
few comparative studies there are, often suffer from a low level of repli-
cation on the class level; they usually compare HIPVs induced by one
specialist to those induced by one generalist species (e.g. Diezel et al.,
2009; Chabaane et al., 2015).
Finally, the history of co-existence between plants and herbivores may
also impact HIPVs (Desurmont et al., 2014). This may be particularly rel-
evant for exotic herbivores invading new environments where they may
feed on native plant species that were previously not exposed to these
species. Globalization of trade and travel has facilitated the spread of ex-
otic species across the planet (Harvey et al., 2010; Keller et al., 2011). In
addition, anthropogenic climate change leads to many species shifting or
extending their ranges pole-wards, thereby invading new environments
(Chen et al., 2011; Bebber et al., 2013). Whereas the effects of climatic
factors, e.g. CO2, ozone and temperature on HIPV emissions, have re-
ceived ample attention (Laothawornkitkul et al., 2009; Yuan et al., 2009;
Dicke and Loreto, 2010; Penuelas and Staudt, 2010; Unger, 2014), the
consequences of exotic herbivores on HIPV production by native plant
species have been greatly neglected. The specificity of HIPVs induced
by different – even closely related – herbivore species (see for example
Geervliet et al., 1997), suggests that plants have evolved finely-tuned re-
sponses to their native herbivore communities over evolutionary time.
Therefore, it may be expected that HIPVs induced by exotic herbivores
differ compared to those induced by native herbivores even when they
have similar feeding strategies or are closely related. However, whether
or not these differences are consistent enough for higher trophic levels
to discriminate native hosts from exotic herbivores is yet unanswered.
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Here we test the hypothesis that history of co-existence, diet breadth,
and feeding mode affect HIPV blends in Brassica rapa originating from
a Dutch natural population. We performed an untargeted analysis of
HIPVs emitted after feeding by ten different native and exotic herbi-
vore species, belonging to four different taxa (Lepidoptera, Hemiptera,
Hymenoptera and Gastropoda, Table 4.1), with different levels of host
specialization and feeding strategies. Even though we strived for a very
broad and balanced selection of herbivores in each sub-class, our test
set was constrained by the availability of experimental herbivores in lab-
oratory cultures and in the wild. Two-class Partial Least Squares (PLS)
models were fitted on the HIPV blends to assess the effect of co-existence
history (native/exotic), diet breadth (generalist/specialist) and feeding
mode (phloem feeding/leaf chewing) of the herbivores. The models were
first run with the full set of herbivores, ignoring confounding factors, for
example imbalances in the equal representation of diet breadth among
native (both specialists and generalists) and exotic (all generalist) herbi-
vores (see Figure 4.1). Balanced models may give a more accurate com-
parison of HIPVs induced by different classes of herbivores (see also Box
2 in Ali et al., 2012), and therefore we reran the models after pruning the
data for representation imbalances within classes. Most interestingly, this
multivariate modelling approach also allowed us to test whether HIPV
blends can also predict an herbivore’s status. In other words, is it pos-
sible to predict the characteristics of a given herbivore species based on
the HIPVs that are induced after feeding, which is the same issue that
organisms at higher trophic levels are facing when hunting for hosts
or prey. The latter question was addressed using the HIPV blends of
two additional lepidopteran herbivores, Trichoplusia ni and Spodoptera ex-
igua. Both species originate from (sub)-tropical regions and are partially
naturalized in North-Western Europe, either by spreading from green-
houses every growing season or by yearly northward migrations. Their
history of co-existence with natural Dutch B. rapa populations is thus
unclear. Therefore, the PLS models were used to predict whether the
volatile blends induced by these two herbivores correspond to HIPVs
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typically induced by native or by exotic herbivores. In brief, our PLS
models showed that HIPV blends contain reliable information on co-
existence history, diet breadth and feeding mode of the herbivore with
an accuracy of 80-100 %. Overall, the balanced models showed a higher
accuracy in classification. Based on the HIPV blend they induced in B.
rapa plants, the models predicted that both T. ni and S. exigua, are leaf
chewing, exotic generalists, which indicates that these species are not
fully naturalized in the Netherlands yet.
methods and materials
Plant and Insect Cultivation
Brassica rapa L. seeds were batch collected in a natural population in The
Netherlands (Maarsen, 2009). The seeds were germinated on glass beads
in plastic food containers with transparent lids and kept at constant
temperature and humidity (24 ◦C, 70 % rel. humidity (RH)) under long
day conditions (16h:8h light-dark cycle) in a climate chamber for one
week (SNIJDERS Labs, Tilburg, The Netherlands). The seedlings were
subsequently transferred to 2.2 l pots, (11 x 11 x 21.5 cm) filled with pot-
ting soil (Lentse Potgrond n°4, Horticoop, Bleiswijk, The Netherlands)
and covered with a thin layer of plain river sand. The seedlings were
placed in the center of a sand-filled plastic foil ring (height 3 cm), placed
on top of the sand layer. The ring and the sand inside were removed
before volatile collection to facilitate the assembly of the shoot enclo-
sures around the stem-root interface. Plants were grown in an insect-free
greenhouse for four weeks maintaining the light-dark cycle at 16:8 hours
with high-pressure sodium lamps (Philips, Eindhoven, The Netherlands)
when photosynthetically active radiation was lower than 250 µmol ·m−2 ·
s−1, until they had at least six fully developed leaves.
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Lepidopterans were obtained as eggs from different sources, and saw
flies as first instars. The insects were reared on a mix of B. rapa and B.
oleracea plants until used in the experiments (see Table 4.1 for numbers
and instars used). The slugs used for the experiments were about 3 cm
in body size.
Volatile Organic Compound (VOC) Collection and GC-MS Analysis
Plants were infested 48 hours before the start of VOC collections. The
plants with the insects were enclosed in perforated PE bread bags (ap-
prox. 40 x 30 cm) which were closed around the plant pots with a rubber
band to prevent insects from escaping. The soil was covered with alu-
minum foil and the plants were kept in a room maintained at 21 ◦C±2 ◦C
and 60± 10 % RH with artificial plant lights before being transferred to
the climate chambers for VOC collection. The plants were infested with
differing numbers of herbivores to obtain approximately equally dam-
aged plants (ANOVA, TukeyHSD, p>0.05) in each treatment (Table 4.1,
Figure S3 on page 178). The perforated bread bags and the plastic rings
around the stem-root interface were removed and PET oven bags (Du-
mil, ITH Complast, Zwijndrecht, The Netherlands) were attached with
a cable tie around the stem-root interface resulting in a semi-tight en-
closure. The insects remained on the plants during VOC collection. On
the top, one corner of the oven bag was sliced open and a Teflon tube
connected via the VOC trap (30 mg of Porapak Q, 80/100 mesh, Sigma-
Alrdrich, Zwijndrecht, The Netherlands) to the vacuum pump system
was inserted and fixed with another cable tie to a wooden stick outside
the cuvette system. Eight plants randomly assigned to one treatment
were sampled simultaneously in one climate chamber (SNIJDERS Labs,
Tilburg, The Netherlands) maintaining constant temperature, humidity
and light (24 ◦C , 70± 10 % RH, 600 µE · m−2 · s−1). The pump sys-
tem with eight channels was connected to a computer to adjust the flow
through each trap to 0.5 liters per minute and flows were monitored for
each channel over the whole sampling period of 8-10 hours. Depend-
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Figure 4.1: Numbers of herbivore species with different co-existence history, diet
breadth and feeding mode in: a) model 1 a-b: co-existence history;
b) model 2 a-b: diet breadth; c) model 3 a-b: feeding mode. Both
the groups in the dark and the light frames were included in the
full models (1-3a), whereas only the groups in the dark frames were
included in the balanced models (model 1-3b). Dashed frames are
classes not represented in the experiments.
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Table 4.1: Herbivores used for the induction of volatiles, including their classification for co-existence history, diet breadth
and feeding mode. Abbreviations: n - numbers of experimental plants sampled, uncl. - unclear; herbivores: average
number of herbivores per plant; L2/3 - larval instar 2 or 3.
Species abbr. n history diet feeding herbivores stage
Arion rufus AR 4 native generalist leaf chewing 12 adult
Athalia rosae2 SY 7 native specialist leaf chewing 18 larvae
Brevicoryne brassicae1 BB 4 native specialist phloem feeding 100 adult
Mamestra brassic3 MB 12 native generalist leaf chewing 15 L2/L3
Mamestra configurata4 MC 10 exotic generalist leaf chewing 16 L2/L3
Myzus persicae1 MP 4 native generalist phloem feeding 100 adult
Pieris brassicae3 PB 11 native specialist leaf chewing 23 L2/L3
Plutella xylostella3 PX 11 native specialist leaf chewing 20 L2/L3
Spodoptera exigua1 SE 8 uncl. generalist leaf chewing 22 L2/L3
Spodoptera frugiperda5 SF 6 exotic generalist leaf chewing 20 L2/L3
Spodoptera littoralis6 SL 10 exotic generalist leaf chewing 19 L2/L3
Trichoplusia ni3 TN 9 uncl. generalist leaf chewing 19 L2/L3
Herbivore source: 1own rearing, 2University of Bielefeld (Germany), 3Wageningen University (NL)
4Ottawa Research and Development Center (Canada), 5Syngenta AG (Switzerland)
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ing on the herbivore species, 4-12 individual plants were sampled (Table
4.1). Undamaged plants were sampled on each day and served as con-
trols (n=15). At the end of VOC collection, the leaves were detached and
the damage was captured with a digital image of the leaves on a white
plastic plate with a Plexiglas cover containing a size marker for accurate
image analyses. Immediately after the image was taken the leaves were
weighed and instantly flash frozen in liquid nitrogen and kept at −20 ◦C
until freeze drying for the determination of dry weights. The damaged
leaf areas were determined using ImageJ (Schneider et al., 2012). The
trapped VOCs were eluted twice with 100 µl dichloromethane contain-
ing 1 ng · µl−1 of nonylacetate as an internal standard. Eluted VOCs
were stored at −20 ◦C until GC-MS analysis.
Qualitative and relative quantitative determination of B. rapa volatiles
was accomplished using an Agilent 7890 Series gas chromatograph equip-
ped with a DB-5 MS column (Agilent, Santa Clara, CA, USA, 30 m, 0.25
mm, 0.25 µm) coupled to a JEOL accurate mass TOF instrument (JMS
T100- GcV, interface temperature 250 ◦C , ion source temperature 200 ◦C ,
electron energy 70 eV, detector voltage 1950 V) recording spectra between
33-300 Da every 0.4 seconds. Helium was used as a carrier gas. The injec-
tor temperature of the GC was kept constant at 250 ◦C and 1 µl of each
sample was injected in splitless mode at a starting oven temperature of
39 ◦C . The temperature was held for 3 minutes and then increased to
200 ◦C at a rate of 4 ◦C per minute, after which the temperature was
increased to 300 ◦C at 10 ◦C ·min−1 and held for 1.75 min. Mass drift
compensation was accomplished using the column bleeding at 207.0329
and 281.0517 Da as a reference to obtain accurate masses with an er-
ror smaller than m/z ± 2 mmu. The raw data were subsequently cen-
troided and exported from the proprietary MassCenter software (JEOL,
Tokyo, Japan) into the open exchange NetCDF format. Deconvoluted
spectra (AMDIS V 2.71) were compared to spectra of authentic stan-
dards (dimethyldisulfide, (Z)-3-hexen-1-ol, (E)-2-hexenol, α-pinene, β-
pinene, 6-methyl-5-hepten-2-one, limonene, and β-caryophyllene; Sigma
Aldrich, Zwijndrecht, The Netherlands), or were identified by compar-
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isons to spectra in the NIST library (2011) including accurate mass and
retention index comparisons in the literature (see Table S2 on 177).
Processing of Chromatographic Peak Data
The centroided GC-MS data in NetCDF format were further processed
using the Bioconductor package XCMS (Smith et al., 2006) implemented
in the statistical software R (R Core Team, 2016). The peaks in each sam-
ple were detected with the centWave algorithm (peak width: 2-20 s, sig-
nal to noise threshold: 4). The retention time for peak detection was
restricted from 3.5 minutes to 40 minutes. The mass deviation was set
to 20 ppm, which is around 10-fold the mass accuracy of the mass spec-
trometer as recommended in Tautenhahn et al. (2008).
Peak grouping across samples was restricted to peaks present in at
least 50 % of the samples in at least one treatment group (minfrac=0.5).
Retention time correction was accomplished with the symmetric method
and non-linear loess-smoothing and iterated 3 times with decreasing
bandwidth parameter for the grouping from 10 s to 0.2 s. The extracted
ion species were grouped according to their parent molecule into pseudo-
spectra with the Bioconductor package CAMERA (Kuhl et al., 2012). This
resulted in a final feature table containing mass-to-charge-ratio (m/z), re-
tention time, peak area and the pseudo-spectra group for each detected
ion species. Groups containing only a single ion species were considered
to be artefacts and removed from the final feature table. Furthermore,
siloxane derivatives from the GC column were automatically removed
from the dataset with a custom-written script. The peak areas were all
normalized to the peak area of the internal standard (nonylacetate, m/z
126) to avoid variation added during the elution and due to variations
in detector sensitivity. Peak areas were also standardized to plant dry
weights and the minor differences in the duration of VOC collection,
yielding a value expressed as peak area per g dry weight and hour for
each ion species. From each of the remaining groups the base peak of
each pseudo-spectrum was selected as a quantifier ion for the respective
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parent molecule. This resulted in a final table containing 293 ion species
further referred to as volatile features.
Statistical Analyses
The data were log (x+ 1)-transformed and for each feature the average
peak area of the control plants (n=15) was subtracted from the corre-
sponding peak area of each sample to center the data around the control
treatment values and to remove background peaks present in all samples.
PLS models were fitted using the PLS (Partial Least Squares) algorithm
as implemented in the PLS package (Mevik and Wehrens, 2007) for R (R
Core Team, 2016) with three different classification options. Co-existence
history (native versus exotic): model 1a and 1b, diet breadth (generalist
versus specialist): model 2a and 2b, and feeding guild (phloem feeding
versus leaf chewing): model 3a and 3b (Figure 4.1). For each model the op-
timal number of latent variables (LVs) was determined by optimizing the
model with the Receiver Operating Characteristic (ROC) as an optimiz-
ing criterion between 1 to 20 LVs. The models were cross-validated 200
times with 10-fold cross validation (CV) using the caret package (Kuhn,
2008). We further compared the model accuracies to models calculated
with the same dataset but with permuted predictors to assess random
model performance (200 repeats of a 10-fold CV). The accuracies of the
permuted models remained at the expected random accuracy (50 % for
two-class PLS models) for all fitted models. An example is depicted in
the Supplementary material (Figure S4 on page 179). Preprocessing of
data (scaling to unit variance) was included in the cross-validation loop
as recommended in Kuhn and Johnson (2013). The prediction capacity
of the models is expressed as the rate of positive predictions (accuracy)
during the 200 repeats of a 10-fold CV. After fitting the three models
with all 293 features as the predictor variables important predictors in
the model were selected by calculating the variable importance in pro-
jection (VIP) value for each of them (Eriksson et al., 2001). Even though
there is no hard threshold for this value, the ‘greater than one rule’ is
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commonly used as a criterion for selecting variables (Chong and Jun,
2005). VIPs were determined for each of the models during 200 repeats
of the 10-fold CV and only features with VIP values greater than one
in all sub-models were selected. The stability of VIP values is reflected
by the average VIP calculated for each of the features across the cross-
validation procedure. Only features with an average VIP greater than
one were used for fitting new models (model 1a: 53 features, model 2a:
34 features, model 3a: 46 features) with the important features only.
Using the same methods we assessed how the models were influenced
by imbalances in herbivore classes. For example, the exotic species in
our sampling consisted exclusively of generalist leaf chewing herbivores,
whereas the native species consisted of specialist and generalist as well
as leaf chewing and phloem feeding herbivores (Table 4.1, Figure 4.1).
Consequently, in the diet breadth model exotic herbivores only appear
in the generalist class and in the feeding mode model only in the leaf
chewing herbivore class. Therefore, we fitted three additional PLS mod-
els excluding specialists and phloem feeding herbivores from the first,
and exotic species from the other two models. In the second step VIP>1
selected features were used again for fitting the final models (model 1b:
21 features, model 2b: 24 features, model 3b: 41 features).
The treatments with the non-native but partially naturalized species T.
ni and S. exigua were excluded from the model fitting. To predict their co-
existence history we used model 1a and the data served as an external
test set for the models 2a and 3a. For both procedures a 10-fold cross-
validation was repeated 200 times.
results
Models Including All Herbivores
The untargeted volatile analyses resulted in a data matrix with 293 fea-
tures. Of these 293 features, we identified a subset of 21 HIPVs includ-
ing three tentatively identified compounds (Table S2 on page 177). The
74
hipvs accurately predict global herbivore traits
PLS model fitted for the co-existence history with all 293 features of
the HIPV blends predicted native and exotic species correctly with an
accuracy of 90.7 % ± 0.1 (Figure 4.2) based on a model with 5 latent vari-
ables (LVs ). The first three LVs explained 51.3 %, 18.7 %, 4.6 % of the
variance, respectively, and the latter two 1.5 % or less. When comparing
the emission rates between herbivore classes for all 293 volatile features,
10 features (3.4 %) were induced more by exotic herbivores, whereas 88
features (30.0 %) were more induced by native herbivores. Compared
with control levels, 13 features (4.4 %) were induced and 3 features (1 %)
suppressed by exotics whereas native herbivores induced 43 features
(13.7 %) and suppressed 2 features (0.7 %). After selection of robust pre-
dictors (53 features with VIP>1 in all sub-models of the cross-validation),
the model showed an accuracy of 91.8 % ± 0.1 (7 LVs; explained variance
of first five LVs: 41.0 %, 16.9 %, 15 %, 4.1 %, and 2.1 % (Figure 4.2). PLS-
Discriminant Analysis (DA) plots showed that the volatile profiles of
plants damaged by exotic or native herbivores separated on the first and
second LV axis explaining 60 % of the total variation (Figure 4.3a). Five
unknown compounds had the highest VIP values and four of them were
differentially expressed in the two treatment groups (Table S3 on page
183). Among the identified compounds, the two isothiocyanates (ITC)
3-butenyl-ITC and phenethyl-ITC were the best predictors (Table S3 on
page 183), whereby 3-butenyl-ITC was more induced in plants damaged
by exotic herbivores (Figure S6a on page 181). The HIPV blends induced
by native and exotic herbivores therefore contain information about the
co-existence history of the herbivores with B. rapa (model 1a).
The second PLS model fitted for diet breadth including all 293 fea-
tures discriminated generalist and specialist herbivores with an accuracy
of 79.4 % ± 0.2 (17 LVs; explained variance of first three: 59.9 %, 7.0 %,
7.1 % ; Figure S5 on page 179). About half of the features (51.2 %) were
induced stronger by generalist herbivores, and none were more induced
by specialists than by generalists. Compared with control levels, 9 fea-
tures (3.1 %) were induced and 2 features (0.7 %) suppressed by special-
ists whereas generalists induced 103 features (35.2 %) and only 1 feature
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Figure 4.2: Accuracy of the Partial Least Squares (PLS) models (mean based
on 200 iterations) for different classifications after feature selection
(Variable Importance Projection (VIP) method). Whiskers represent
1.5 times the inter quartile range; circles represent values outside the
inner quartiles. Either all herbivores were included or only subsets,
as indicated on the x-axis. Predictors: Co-existence history - native
versus exotic species [all (model 1a): 7 latent variables (LVs), 53 fea-
tures; generalist leaf chewers only (model 1b): 2 LVs, 21 features], diet
breadth - generalist versus specialist herbivores [all (model 2a): 6 LVs,
34 features; native species only (model 2b): 5 LVs, 24 features], feed-
ing mode - leaf chewing versus phloem feeding herbivores [all (model
3a): 2 LVs, 46 features; native species only (model 3b): 2 LVs, 41 fea-
tures]. Letters above the boxplots indicate the results of the ANOVA
followed by the Tukey HSD post hoc test.
(0.3 %) was suppressed. After VIP selection, the model based on the re-
maining 34 features predicted diet breadth with an accuracy of 89.0 % ±
0.1 (Figure 4.2; 6 LVs, explained variance of first five LVs: 22.8 %, 26.8 %,
6.8 %, 9.4 %, 5.6 %). Therefore induced HIPV blends also carry informa-
tion about the diet breadth of herbivores (model 2a), even though the
HIPV profiles induced by generalists and specialists overlapped more
in the PLS-DA plot than those induced by exotic and native herbivores
(Figure 4.3a versus 4.4a).
In the third PLS model based on all features with feeding mode as a
classifier, an accuracy of 100 % ± 0 was obtained (2 LVs; explained vari-
ance: 59.1 %, 11.9 %; Figure S5 on page 179). Of all 293 volatile features,
5 features (1.7 %) were induced more after phloem feeding herbivory,
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Figure 4.3: Partial Least Squares - Discriminant Analyses (PLS-DA) score plots
for the co-existence history model. a) model 1a with all herbivores (7
latent variables (LVs), R2: 0.85) b) model 1b with generalist leaf chew-
ers only (2 LVs R2: 0.76). Axis values in brackets are the explained
variation of each LV. Two letter codes are species abbreviations (see
Table 4.1)
whereas 227 features (77.5 %) were more induced after leaf chewing her-
bivory. Compared with control levels, 6 features (2 %) were induced and
114 features (38.9 %) suppressed by phloem feeders whereas leaf chew-
ers induced 47 features (16 %) and suppressed 2 features (0.7 %). With
46 VIP-selected features the model still performed with an accuracy of
100 % ± 0 (2 LVs, explained variance: 54.0 %, 22.0 %; see Figure 4.2). In
the PLS-DA the HIPVs induced by sucking herbivores clearly separated
on the first LV, whereas the specialist and generalist aphid separated on
the second LV axis. VOC profiles are thus highly informative about the
feeding mode of herbivores (model 3a, Figure 4.5a).
Each of the model accuracies was compared to the accuracies of mod-
els with randomly permuted classes assigned to the herbivores with 200
repeats of a 10-fold CV. This resulted in accuracies of approximately 50 %
77
chapter 4
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
● ●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
● ●
●
AR1
AR2AR3
AR4
BB1
BB2
BB3
BB4
MB1
MB2
MB3
MB4
MB5
MB6
MB7
MB8
MB9
MB10
MB11
MB12
MC1
MC2
MC3
MC4
MC5
MC6
MC7MC8
MC9MC10
MP1
MP2
MP3
MP4
PB1PB2
PB3
PB4
PB5
PB6
PB7
PB8
PB9PB10
PB11
PX1
PX2
PX3
PX4
PX5
PX6
PX7
PX8
PX9
X 0
PX11
SF1
SF2
SF3
SF4 SF5
SF6
SL1SL2
SL3
SL4
SL5
SL6
SL7
SL8 SL9
SL10
SY1
SY2
SY3
SY4
SY5
SY6
SY7
−6
−3
0
3
6
−4 −2 0 2 4
LV 1 ( 22.8% )
LV
 2
 ( 
26
.8
%
 )
Diet Breadth
● generalist
specialist
(a) model 2a
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
AR1
AR2
AR3
AR4
BB1
BB2
BB3BB4
MB1
MB2
MB3
MB4
MB5
MB6
MB7
MB8
MB9
MB10
MB11
MB12
MP1
MP2
MP3
MP4
PB1
PB2
PB3
PB4
PB5PB6
PB7
PB8
PB9
PB10
PB11PX1
PX2
PX3
PX4
PX5
PX6
PX7PX8
PX9
PX10
PX11
SY1SY2
SY3
SY4
SY5
SY6
SY
−6
−4
−2
0
2
4
−2 0 2 4
LV 1 ( 20% )
LV
 2
 ( 
26
.5
%
 )
Diet Breadth
● generalist
specialist
(b) model 2b
Figure 4.4: Partial Least Squares - Discriminant Analyses (PLS-DA) score plots
for the diet breadth model. a) model 2a with all herbivores (6 LVs, R2:
0.77) b) model 2b only native species (5 LVs, R2: 0.70). Axis values in
brackets are the explained variation of each LV. Two letter codes are
species abbreviations (see Table 4.1)
for each of the randomly assigned models showing that the high accura-
cies obtained in the real models were unlikely to occur randomly (Figure
S4 on page 179). If we compare the accuracies of the models with VIP
selected features (model 1a, 2a, 3a), feeding mode was significantly bet-
ter predicted than co-existence history, which was again better predicted
than diet breadth (Figure 4.2; ANOVA p<0.001, Tukey HSD p<0.001).
Balanced Model Analyses
For the detailed analyses of HIPVs important for the discrimination of
co-existence history, diet breadth and feeding mode, models on balanced
subsets of all herbivores were used. In the co-existence model (model
1a), specialists as well as phloem feeders were removed as these were
all native (Figure 4.1a). With the newly fitted PLS model (model 1b) the
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Figure 4.5: Partial Least Squares - Discriminant Analyses (PLS-DA) score plots
for the feeding mode model. a) model 3a with all herbivores (2 LVs,
R2: 0.79) b) model 3b only native species (2 LVs, R2: 0.90). Axis values
in brackets are the explained variation of each LV. Two letter codes
are species abbreviations (see Table 4.1)
VIP method selected 21 features with VIP >1 and the accuracy increased
to 92.9 % ± 0.1 (2 LVs; explained variance: 43.1 %, 24.1 %; see Figure
4.2 and 4.3b) compared to model 1a. Only 15.6 % of the VIP >1 selected
features in model 1a remained in model 1b and none of the identified
compounds was a robust predictor in model 1b anymore (Table S3/S4
on page 183 and 185).
When focusing only on the subset of compounds that we could iden-
tify, some additional differences between native and exotic chewing gen-
eralists emerged. A few compounds were induced to the same extent
above control levels by both native and exotic leaf chewers, such as
the Green Leaf Volatiles (GLVs) (Z)-3-hexen-1-ol and (Z)-3-hexenyl ac-
etate and the glucosinolate (GSL) breakdown product 3-butenyl-ITC (Fig-
ure 4.6a). Native herbivores additionally induced the emissions of (E)-2-
hexenol, δ-3-carene, limonene, an unknown monoterpene, ethylbenzene,
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o-cymene, 6-methyl-5-hepten-2-on, indane, decanal and acetophenone.
The emissions of these compounds were consistently more induced by
native herbivores than by exotic herbivores. Also β-caryophyllene and
nonanal were emitted in significantly higher amounts after native than
after exotic herbivore feeding, even though the emissions did not signif-
icantly differ from the levels of control plants (Figure 4.6a).
A comparison of the induced HIPVs between model 1a and 1b re-
veals that the stronger induction of (Z)-3-hexen-1-ol, (Z)-3-hexenyl ac-
etate, and 3-butenyl-ITC emissions by exotic herbivores (Figure S6a on
page 181) disappears without specialists and phloem feeders included
(Figure 4.6a). This is most likely due to the fact that phloem feeders (all
natives) do not induce the emissions of these VOCs and thus lowered
the average emission rates in the full model (Figure 4.6c, Figure S6c on
page 181).
The diet breadth model was balanced by removing the exotic herbi-
vores, which were all generalists, from the dataset (Figure 4.1b). This
analysis (model 2b) resulted in 24 robust features with a VIP >1 but the
accuracy slightly decreased to 83.6 % ± 0.2 (5 LVs; explained variance:
20.0 %, 26.5 %, 16.6 %, 7.3 %, 4.4 %; see Figure 4.2 and 4.4b). The new
model shared 41.5 % VIP selected features with the model containing all
herbivores (model 2a).
Among the identified compounds the GLVs (E)-2-hexenol, the GSL
breakdown products 3-butenyl-ITC and phenethyl-ITC, and the monoter-
penoid limonene showed a VIP value >1 (Figure 4.6b; Table S4 on page
185). Limonene, (E)-2-hexenol, and 3-butenyl ITC were also identified
as robust predictors in the model including all herbivores (model 2a),
in which also the GLVs (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate were
among the important predictors (Table S3/S4 on page 183 and 185).
Among the identified compounds, generalist and specialist herbivores
increased the emission of the GLV (Z)-3-hexenyl acetate to the same lev-
els above controls (Figure 4.6b). Generalist herbivores further induced
the GSL breakdown product 3-butenyl-ITC, limonene, ethylbenzene, 6-
methyl-5-hepten-2-on, acetophenone, and nonanal above control levels
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(Figure 4.6b). Without exception, generalist herbivores induced HIPV
emissions more strongly, especially the GSL breakdown products 3-butenyl-
ITC and phenethyl-ITC, an unknown monoterpene, ethylbenzene, and
6-methyl-5-hepten-2-on (Figure 4.6b). A comparison with the results ob-
tained with model 2a shows that the overall stronger induction of HIPVs
by generalists can only be observed without the exotic herbivores in-
cluded (Figure 4.6b vs. Figure S6b on page 181). This suggests that na-
tive specialists possess mechanisms that generally reduce the emission
of HIPVs, whereas native generalists do not.
In the feeding mode model, the exotic herbivores were removed as
they were all leaf chewers (Figure 4.1c; model 3b). With the VIP method
41 robust features were selected and the accuracy of the model remained
at 100 % ± 0 (2 LVs; explained variance: 64.4 %, 10.4 %; see Figures 4.2
and 4.5b); 64.2 % of the VIP selected features were identical to the model
including exotic herbivores (model 3a).
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Figure 4.6: Average relative emission rates (± 1SE) for identified compounds of
herbivore-induced plant volatiles (HIPVs) emitted by Brassica rapa
(scaled to unit variance). a) Induced by native or exotic herbivores
without specialist and phloem feeding species (model 1b; native - 2
species (n=16 samples), exotic - 3 species (n=26 samples)) b) Induced
by generalist and specialist herbivores without exotic species (model
2b; generalist - 3 species (n=20 samples), specialist - 4 species (n=33
samples)) c) Induced by leaf chewing and phloem feeding herbivores
without exotic species (model 3b; leaf chewing - 5 species (n=45 sam-
ples), phloem feeding - 2 species (n=8 samples)). The mean relative
emission rates were calculated as follows:
mean
{
ln
treatment peak area
g (dw) ·h −mean
(
ln
control peak area
g (dw) ·h
)}
±1SE
Compounds with VIP > 1 are in red. Letters indicate significant
differences to control levels and stars between the classes of herbi-
vores. Depending on normality, results of ANOVA + Tukey HSD
or Kruskal-Wallis + Pairwise Wilcox test with Bonferroni correc-
tion. Abbreviations: DMDS - dimethyldisulfide; ITC - isothiocyanate;
6met5hep2one - 6-methyl-5-hepten-2-one; unk. - unknown.
Among the identified compounds the GLV (E)-2-hexenol was identified
as an important feature discriminating HIPVs induced by phloem feed-
ing and leaf chewing herbivores (VIP>1; (for details see Table S4c on
page 185). Also in the full model 3a, (E)-2-hexenol was a robust predic-
tor discriminating phloem feeders from chewers, in addition to nonanal
(Table S3/S4 on page 183 and 185). Among the identified compounds,
phloem feeders suppressed the emission of several compounds, such as
the GLV (E)-2-hexenol, several monoterpenoids (δ-3-carene, α-pinene, β-
pinene), indane and decanal, compared to control plants (Figure 4.6c).
Leaf chewers, on the other hand, increased the emissions of the GLVs
(Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate, as well as ethylbenzene, and
6-methyl-5-hepten-2-one above control levels (Figure 4.6c). Significant
differences between the two herbivore classes were observed for all iden-
tified compounds except for 3-butenyl-ITC, phenethyl-ITC, limonene,
phenylacetaldehyde and nonanal. The HIPV emission pattern in the re-
duced model 3b was highly similar to the pattern found in the full model
(model 3a; Figure 4.6c and Figure S6c on page 181). Only slight differ-
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Figure 4.7: Partial Least Squares – Discriminant Analyses (PLS-DA) scores of
model predictions for the herbivores S. exigua and T. ni. Scores were
predicted with the respective models containing all herbivores (model
1a, 2a, 3a). The circles reflect the T2-hotelling distribution of the re-
spective classes. a - Co-existence history, b - Diet Breadth, c - Feeding
mode. The reliability was assessed by predicting the class with a 10-
fold cross-validation loop, repeated 200 times.
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ences were found, for example for 3-butenyl-ITC which was only found
to be induced by leaf chewing insects when exotic herbivores were in-
cluded probably due to the higher number of generalists (see Figure
4.6b).
Predictions of Herbivore Status Based on HIPVs
The HIPV blends induced after herbivory by S. exigua and T. ni (see Fig-
ure S7 on page 182 for the subset of identified compounds) were used for
predicting the co-existence history of the herbivores using model 1a with
the VIP selected features. Based on the volatile profiles S. exigua (n=8)
and T. ni (n=9) samples were assigned to the class of exotic herbivores
with an accuracy of 99.8 % ± 0.03 and 99.9 % ± 0.02, respectively (200
times 10-fold cross-validation; Figure 4.7a). In the diet breadth model
(model 2a) S. exigua was classified as a generalist with an accuracy of
92.1 % ± 0.11 and the T. ni with 90.43 % ± 0.09 (Figure 4.7b). In the feed-
ing mode model both chewing herbivores were classified as such with an
accuracy of 100 % ± 0 (Figure 4.7c). Thus, the models predict that both
species induce HIPVs most similar to exotic leaf chewing generalists.
discussion
Our study reveals that HIPVs are reliable cues to assess the history of co-
existence, diet breadth and feeding mode of herbivores feeding on B. rapa
plants. By using multiple representatives of each herbivore class, and by
analyzing the HIPV data in a series of supervised multivariate models,
we could show that differences in HIPV blends induced by different
classes of herbivores are predictable and robust. This was illustrated by
using the HIPVs induced by two additional herbivores, S. exigua and
T. ni, whose co-evolutionary history with B. rapa could not be unequiv-
ocally assessed a priori. Based on the HIPV profiles induced by these
caterpillars, the models predicted that B. rapa plants originating from a
Dutch population respond to these generalist herbivores similarly to the
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way in which they respond to other exotic leaf chewers, suggesting that
they are not completely naturalized in the Netherlands.
Most interestingly our analyses revealed that HIPVs consistently differ
between exotic and native herbivores, both with and without special-
ists and phloem feeders included in the model. Native generalists more
strongly induced the emission of specific volatiles, such as mono- and
sesquiterpenes, which are attractive to a wide variety of natural ene-
mies (Mumm et al., 2008). This suggests that B. rapa is able to recognize
these native species with which it shares a history of co-existence and re-
sponds accordingly to enhance its detectability for natural enemies. It is
known that leaf chewing lepidopteran herbivores contain compounds in
their saliva that serve as cues determining the specificity of the volatile
response (Mithofer and Boland, 2008). Salivary cues of lepidopteran her-
bivores were not the only elicitors that played a role in our experiments,
as we also included a native slug. The locomotory mucus of slugs may
contain salicylic acid (SA) which upregulates PR1, a marker gene for SA-
induced responses (Meldau et al., 2014). Elicitation of the SA pathway
may suppress induced responses under control of the jasmonic acid (JA)
pathway, including the up-regulation of terpenoids in Brassica species
(van Dam et al., 2010). However, the emissions of JA-regulated HIPVs –
such as terpenoids (Tytgat et al., 2013) - did not change when slugs were
removed from the models (Figure 4.6 vs. Figure S6 on page 181), sug-
gesting that the potential effect of mucus-derived SA on JA-regulated
responses was weak.
Both native and exotic herbivores similarly induced the emissions of
more generic damage-induced compounds, such as the GLVs (Z)-3-
hexen-1-ol and (Z)-3-hexenyl acetate and the GSL breakdown product
3-butenyl-ITC. It was previously reported that these compounds are in-
volved in the attraction of natural enemies, especially generalist para-
sitoids (Reddy et al., 2002; Steidle and van Loon, 2003; Penaflor et al.,
2011; Mathur et al., 2013a; Bruce, 2014). Consequently, exotic herbivores
are not expected to escape native generalist natural enemies using these
generic HIPVs as cues.
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Contrary to generalist natural enemies, specialized parasitoids are
known to respond to small, specific differences in HIPV profiles in com-
plex olfactory backgrounds (Unsicker et al., 2009; Mumm and Dicke,
2010; Kessler and Heil, 2011). Moreover, the ability of specialist para-
sitoids to learn and associate differences in HIPV blends with the pres-
ence of a suitable host, may help them to discriminate between plants
infested by a native host and those infested by an exotic non-host (Giunti
et al., 2015; Kruidhof et al., 2015). This is illustrated by experiments with
native P. brassicae and exotic S. littoralis feeding on B. rapa plants, alone
or in combination (Chabaane et al., 2015). In a four-arm olfactometer,
the native specialist parasitoid C. glomerata preferred HIPVs from plants
infested with their host, P. brassicae, over those infested by the exotic non-
host. This preference for host-induced HIPVs decreased when the exotic
herbivore was feeding on the same plant (Chabaane et al., 2015). How-
ever, in longer-term cage experiments, which provided the parasitoids
with sufficient time to associate HIPV blends with the presence of P. bras-
sicae, parasitization rates did not differ between plants with and without
an exotic caterpillar (Chabaane et al., 2015).
Our models also identified significant differences in HIPV profiles in-
duced by specialist or generalist herbivores across a wide range of taxa.
In contrast to a recent meta-analysis (Rowen and Kaplan, 2016), we
found that plants respond to generalist herbivory by emitting more
HIPVs than after specialist feeding. Especially the generic damage-
induced volatile ITCs, phenethyl-ITC and 3-butenyl-ITC, were stronger
induced by generalists (Figure 4.6b). This is in concordance with the fact
that several specialist herbivores are able to reduce the production of
ITCs by interfering with the breakdown of GSL (Hopkins et al., 2009).
The specialist P. xylostella produces a sulfatase in its gut cleaving the
sulfate moiety from the GSL core structure thereby preventing its hy-
drolysis by myrosinase (Ratzka et al., 2002). Pieris species, on the other
hand, direct GSL hydrolysis towards less toxic nitriles by the action of a
nitrile specifier protein (Wittstock et al., 2004; Burow et al., 2006; Wheat
et al., 2007). Two of the herbivores used in this study, the aphid Bre-
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vicoryne brassicae (Kazana et al., 2007) and the sawfly Athalia rosae, are
known to sequester intact GSLs, thereby reducing their availability to
myrosinase conversion (Opitz and Müller, 2009). Each of these strategies
might contribute to the lower ITC emissions after specialist herbivory.
In line with the above, also ethylbenzene, 6-methyl-5-hepten-2-one, and
an unknown monoterpenoid were more induced by generalists than by
specialists, which may also aid parasitoids and predators to differentiate
between plants infested by generalists or specialists.
In addition we also found that HIPV profiles strongly differed between
sucking-piercing and chewing herbivores. With the exception of the ITCs,
which were equally induced by both classes, chewers overall increased
HIPV emissions, whereas sucking insects reduced HIPVs (Figure 4.6c).
Aphids are considered ‘stealthy feeders’ that avoid cell damage and thus
induced responses by maneuvering their stylets between plant cells. In
addition, they manipulate plant induced response signaling to their own
benefit via salivary effectors (Zuest and Agrawal, 2016). These differ-
ences in HIPVs due to feeding mode are also recognized by parasitoids.
The parasitoid C. rubecula, did not distinguish between Arabidopsis plants
damaged by the leaf chewing host P. rapae and the two leaf chewing
non-hosts P. xylostella and S. exigua, but avoided plants damaged by
the phloem feeding herbivore M. persicae (van Poecke et al., 2003). In-
terestingly, we also found differences in HIPV profiles within the class
of phloem feeders; the specialist B. brassicae repressed the emissions of
most HIPVs, whereas feeding by the generalist M. persicae specifically
increased the emissions of 6-methyl-5-hepta-2-one (Figure S8 on page
182). This means that specific aphid parasitoids, such as Diaeretiella rapae
for B. brassicae or Aphidius colemani for M. persicae, can also use HIPVs to
discriminate hosts from non-hosts (Tariq et al., 2013). Moreover, our data
also support the postulate that specialist aphids are better able to sup-
press induced responses, such as HIPVs that may attract their natural
enemies (Zuest and Agrawal, 2016).
Finally, the question of whether overall HIPV profiles are herbivore
species or class specific has been frequently addressed in several re-
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views and a recent meta-analysis (Reymond et al., 2004; Diezel et al.,
2009; Dicke and Baldwin, 2010; Rowen and Kaplan, 2016). However, our
approach is unique because we directly compared volatile induction by
different herbivore classes with an unprecedented level of replication per
herbivore class, using ten different herbivores on a single wild B. rapa
accession. Moreover, we also showed the full potential of multivariate
models by using them to predict the ecological status of two herbivores
whose co-existence history with Dutch plants was not fully clear. We
argue that the predictive power of multivariate modeling is currently
underexploited and might be used to address ecological-evolutionary
relevant questions by ‘asking the plant and the herbivore’ about the na-
ture and history of their interactions, for example in the context of recon-
structing invasion or range-expansion scenarios. As our example shows,
this would require well validated models with sufficient levels of replica-
tion, which might best be achieved by joining research efforts of research
groups working on the same plant species.
The fact that B. rapa plants respond differentially towards herbivores
with different co-existence histories, diet breadth and feeding modes,
would allow higher trophic levels to learn and use differences in HIPV
blends as reliable cues informing them about the type of herbivore feed-
ing (Vet and Dicke, 1992). This ability to learn may help to attenuate the
potential disruptive effects of exotic herbivores on native infochemical
networks (Desurmont et al., 2014). Yet, we realize that in natural envi-
ronments multiple herbivores feed simultaneously or sequentially on a
given plant species, which may cause additional shifts in the HIPV blend.
On the one hand, there is experimental evidence that the concurrent
feeding by aboveground feeding non-hosts does not affect parasitization
levels of suitable herbivores in long term experiments (Chabaane et al.,
2015; de Rijk et al., 2016). Root herbivore feeding, however, causes shifts
in Brassica HIPV profiles which reduce parasitization rates both in the
field and spatially explicit experiments (Soler et al., 2007a,b; Pierre et al.,
2011a; Danner et al., 2015). It was postulated that these parasitoids avoid
plants with root herbivores because their off-spring’s performance will
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be reduced due to changes in the plant’s metabolome that are trickling
via their herbivorous hosts (Soler et al., 2005; Qiu et al., 2009). This exem-
plifies the need to take the community context as well as the spatial and
temporal scale on which interactions occur into account when studying
the effect of shifts in HIPVs by non-hosts. Only then can we fully un-
derstand the ecological consequences and the longer term evolutionary
implications of novel organisms entering native food webs.
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S P E C I A L I S T C AT E R P I L L A R O N W I L D B R A S S I C A
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van Dam
abstract
Coevolution has been a major driver for the diversity of plant resistance
traits, including herbivore induced plant volatiles (HIPVs). Upon her-
bivory, plants produce specific HIPV blends exploited by natural ene-
mies to locate their host or prey. These HIPV blends may change when
plants are damaged by two different herbivore species simultaneously.
Particularly HIPVs induced by exotic herbivores, with whom plants and
natural enemies do not share a co-evolutionary history, may interfere
with the communication between native plants and natural herbivore
enemies. Here, we analyze HIPV blends induced by native and exotic
herbivores when feeding simultaneously with the native specialist herbi-
vore Pieris brassicae. We found that HIPV blends differ between combina-
tions of native-native and exotic-native herbivores co-infesting Brassica
rapa. Furthermore, generalist-P. brassicae and specialist-P. brassicae com-
binations resulted in differential HIPV blends. The impact of simultane-
ously feeding exotic herbivores is discussed in the context of tritrophic in-
fochemical networks which may be disrupted by dissimilarities in VOC
blends induced after double infestation.
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introduction
Plants have interacted with herbivores and their natural enemies for over
400 million years (Janz, 2011; Labandeira, 2013; Thompson, 2005). Co-
evolutionary processes between these interaction partners have likely
shaped the vast diversity in plant chemical profiles we observe today.
Volatile organic compounds (VOCs) are considered as an intrinsic part
of the defense response of plants. They are found to function in the
communication between plants (Karban et al., 2014) and deter oviposi-
tion by herbivores (Allmann et al., 2013; Rodriguez-Saona et al., 2005).
Since Price and colleagues introduced the concept of indirect plant de-
fense (Price et al., 1980) many studies have focused on the concept of tri-
trophic infochemical networks between plants, herbivores and their nat-
ural enemies (Dicke, 2015; Vet and Dicke, 1992). These studies revealed
that herbivore induced plant volatiles (HIPVs) are exploited as infochem-
icals by natural enemies of herbivores (Dicke and Baldwin, 2010) as well
as by hyperparasitoids - the fourth trophic level (Poelman et al., 2012).
There is still quite some debate on how these infochemical networks
may have arisen and are maintained, especially about which selection
pressures have played a major role over evolutionary time (Dicke and
Baldwin, 2010).
HIPVs are considered to be reliable infochemical cues (Vet and Dicke,
1992) because they are very specific, depending on the traits of the her-
bivore that is feeding. Chewing herbivores, for example, induce stronger
HIPV responses than sucking herbivores, such as aphids, which avoid
cell damage and may inject effectors to repress induced responses (Dan-
ner et al., 2017; Rowen and Kaplan, 2016). Specialist herbivores, which
may possess mechanisms to suppress induced responses, induced less
strong HIPV responses in Brassica rapa than their generalist counterparts.
In the same study, it was found that plants also respond specifically
towards exotic herbivores: HIPV blends differed sufficiently to predict
with a greater than 90 % accuracy whether a herbivore was exotic or
native over a broad range of herbivores (Danner et al., 2017). These dif-
94
double infestation by exotic and native herbivores
ferences in HIPV blends were also found to be sufficiently different for
parasitoids to discriminate between plants with native hosts and exotic
non-hosts (Chabaane et al., 2015). However, when an exotic herbivore
was feeding on the same plant as a native herbivore, the plant became
less attractive to the native wasp in choice experiments (Chabaane et al.,
2015). This indicates that exotic herbivores may indeed interfere with
co-evolved native tritrophic interactions by altering the HIPV defined
infochemical web (Desurmont et al., 2014).
Under natural conditions, it is quite common that multiple herbivore
species are feeding simultaneously on a plant. It has been found that in-
festation with multiple native herbivores can alter HIPV emissions and
that this, in turn, has a variable effect on the attraction of natural enemies
(de Boer et al., 2008; Dicke et al., 2009; Stam et al., 2014). For example,
when specialist C. glomerata wasps have the choice between B. oleracea
plants purely infested with their native host P. rapae, and plants with
hosts and the native non-host M. brassicae, they preferred plants infested
with both native herbivores (Bukovinszky et al., 2012b). Towards plants
infested with either host or non-host caterpillars they were equally at-
tracted. Nevertheless, the parasitation rates for host caterpillars were
reduced when native non-host herbivores were present, which was as-
cribed to a decreased frequency of host encounters and reduced leaving
tendencies (Bukovinszky et al., 2012b). The same specialist parasitoid C.
glomerata when given a choice between cabbage plants infested with two
specialist herbivores, the host P. rapae and the non-host P. xylostella, or
their host P. rapae alone, again preferred double infested plants. In con-
trast, C. plutellae, a specialist parasitoid of P. xylostella, was less attracted
and preferred plants infested only by their hosts (Shiojiri et al., 2001).
The question is whether exotic herbivores are having a different or
stronger effect on HIPV blends induced by native herbivores than het-
erospecific native herbivores. Due to globalized trade and travel, sev-
eral thousands of exotic species, ranging from viruses and bacteria to
fungi, plants, and animals were introduced into native European ecosys-
tems where they have established stable populations (Harvey et al., 2010;
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Keller et al., 2011). Likewise, many species shift or extend their ranges
pole-ward and invade new territories due to global warming (Bebber
et al., 2013; Chen et al., 2011). Therefore it can be expected that the mul-
titrophic foodwebs that are currently associated with plants will change
due to exotic herbivores entering the stage.
Here we specifically address the question whether additional herbivory
by exotic herbivores has a different impact on HIPVs blends than feeding
by an additional native herbivore on wild Dutch Brassica rapa plants that
are also infested by the native specialist herbivore Pieris brassicae. We se-
lected three native and four exotic larval insect herbivores and sampled
volatiles from single and double infested plants. We used an untargeted
approach to analyze the HIPVs of plants infested with P. brassicae, either
with another native herbivore species or an exotic species (collectively
referred to as ”second herbivore”), and vice versa. Partial least squares
(PLS) models were fitted to investigate whether HIPV blends differ de-
pending on whether the second herbivore was exotic or native. The same
approach was used to analyze effects of the dietary specialization of the
second herbivore, independent of co-evolutionary history on HIPV pro-
files. We also assessed the direct effect of the double infestation by com-
paring the performance of herbivores in single and double infestations
to understand which species have an impact on each other. We discuss
possible ecological consequences for higher trophic levels that are known
to exploit HIPVs for adjusting their behavior.
methods and materials
Plant and Insect Cultivation
Brassica rapa L. was grown from seeds originating from a natural pop-
ulation in The Netherlands (Maarsen, 2009). During germination (one
week) on glass beads in plastic food containers (transparent lids) the
seedlings were kept at constant temperature and humidity (24 ◦C , 70 %
rel. humidity (RH)) under long day conditions (16h:8h light-dark cycle)
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in a climate chamber (SNIJDERS Labs, Tilburg, The Netherlands). Then
they were transferred to 2.2 l pots, (11 x 11 x 21.5 cm) filled with potting
soil (Lentse Potgrond n°4, Horticoop, Bleiswijk, The Netherlands) with
a thin layer of plain river sand on top. The seedlings were placed in the
center of a sand-filled plastic foil ring (height 3 cm), placed on top of
the sand layer. Plants were grown for 4 weeks in an insect-free green-
house maintaining the light-dark cycle at 16:8 hours with high-pressure
sodium lamps (Philips, Eindhoven, The Netherlands) when photosyn-
thetically active radiation was lower than 250 µmol ·m−2 · s−1, until they
had at least six fully developed leaves. Lepidopterans were obtained as
eggs from different sources and reared on a mix of Brassica rapa and
B. oleracea plants. Saw flies were already in the first larval instars when
obtained (Table 5.1).
VOC Collection and Processing of Chromatographic Peak Data
The plants were infested 48 hours before the start of the VOC collections.
Before the insects were placed on the plant we determined their fresh
weights. Each of the species was allowed to feed freely on the plant, ei-
ther alone or simultaneously with 20 P. brassicae caterpillars. All insects
were placed on the plant at the same time. PE bread bags (approx. 40 x
30 cm) were closed around the plant pots with a rubber band to prevent
insects from escaping. The soil was covered with aluminium foil and the
plants were kept in a room maintained at 21 ◦C± 2 ◦C and 60 ± 10 % RH
with artificial plant lights before being transferred to a climate chamber
immediately before the VOC collections. The plants were infested with
differing numbers of herbivores (Table 5.1) to obtain comparable dam-
age within the groups of single and double infestations. Damage was
assessed after the VOC collections as described below.
Double infestations caused on average more leaf loss than single her-
bivory (t-test: t=4.9486, p< 0.001, 4.17 % vs. 1.54 %). Within single in-
festations the leaf damage was similar (ANOVA, n.s.), whereas between
double infestations leaf damage was similar for all species except for
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Table 5.1: Herbivores used for the induction of volatiles including classification
for co-existence history and diet breadth.
abbr. - 2 letter code for single infestations, 3 letter code for double
infestations. n – number of experimental plants sampled. herbivores
- average number of herbivores per infestation, PB - the number of P.
brassicae per plant.
Species abbr. n co-existence hist. diet breadth herbivores PB
Pieris brassicae3 PB 11 native specialist 23 -
Mamestra brassicae3 MB 12 native generalist 15 -
Mamestra configurata4 MC 10 exotic generalist 16 -
Plutella xylostella3 PX 11 native specialist 20 -
Spodoptera exigua1 SE 4 exotic generalist 22 -
Spodoptera littoralis6 SL 10 exotic generalist 19 -
Athalia rosae2 SY 7 native specialist 18 -
Trichoplusia ni3 TN 9 exotic generalist 19 -
Double infestations
Mamestra brassicae3 DMB 10 native generalist 18 20
Mamestra configurata4 DMC 9 exotic generalist 20 20
Plutella xylostella3 DPX 10 native specialist 18 20
Spodoptera exigua1 DSE 4 exotic generalist 21 20
Spodoptera littoralis6 DSL 4 exotic generalist 20 20
Athalia rosae2 DSY 4 native specialist 14 20
Trichoplusia ni3 DTN 6 exotic generalist 20 20
Herbivore origin: 1own rearing, 2University of Bielefeld (Germany), 3Wageningen University
(The Netherlands),4Ottawa Research and Development center (Canada),
5Syngenta AG (Switzerland)
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A. rosae (DSY) which caused significantly more damage than all other
treatments (Tukey HSD post hoc test, Table S5/S6 on page 187 and 188).
Between the single infestation with S. littoralis and the double infestation
with S. littoralis and P. brassicae as well as between the single infestation
with M. configurata and the double infestation with M. configurata and P.
brassicae there were also a significant differences. The remaining double
infestations caused similar damage to the plants than the corresponding
single infestations (Table S5/S6 on page 187 and 188). After 48 hours
of herbivore feeding, the perforated bread bags and the plastic rings
around the stem-root interface were removed and PET oven bags (Du-
mil, ITH Complast, Zwijndrecht, The Netherlands) were attached with
a cable tie around the stem-root interface resulting in a semi-tight enclo-
sure. The insects remained on the plants during VOC collections. On the
top, one corner of the oven bag was cut off and a Teflon tube connected
via the VOC trap (30 mg of Porapak Q, 80/100 mesh, Sigma-Alrdrich,
Zwijndrecht, The Netherlands) inserted and fixed with another cable tie
to a wooden stick outside the cuvette system. Eight plants randomly
assigned to one treatment were sampled simultaneously in one climate
chamber (SNIJDERS Labs, Tilburg, The Netherlands) maintaining con-
stant temperature, humidity and light (24 ◦C , 70 ± 10% RH, 600 µE ·
m−2 · s−1). The pump system to which the tubes with the traps were
attached, had eight channels connected to a computer to adjust the flow
through each trap to 0.5 liters per minute. Flows were monitored for
each channel over the whole sampling period of 8-10 hours. Depending
on the herbivore species, 4-12 individual plants were sampled (Table 5.1).
Besides the herbivore-infested plants undamaged plants were sampled
on each day and served as controls (n=15). After the collection period,
the insects were recovered and weighed again. The leaves were detached
and the damage was captured with a digital image of the leaves on a
white plastic plate with a plexiglass cover containing a size marker for ac-
curate image analyses. Immediately after the image was taken the leaves
were weighed to the nearest 0.1 g, flash frozen in liquid nitrogen and
kept at −20 ◦C until freeze drying. The dry weights were determined for
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standardizing the emitted VOCs on a per gram plant weight basis. The
damaged leaf areas (in %) were determined using ImageJ (Schneider
et al., 2012).
The trapped VOCs were eluted twice with 100 µl dichloromethane con-
taining 1 ng · µl−1 of nonylacetate as an internal standard. Eluted VOCs
were stored at −20 ◦C until GC-MS analysis. The centroided GC-MS data
in NetCDF format were further processed using the Bioconductor pack-
age XCMS (Smith et al., 2006) implemented in the statistical software
R (R Core Team, 2016). This resulted in a final table containing 298 ion
species further referred to as volatile features. The peak areas were nor-
malized to the peak area of the internal standard to avoid variation
added during the elution and due to variations in detector sensitivity.
Peak areas were also standardized to plant dry weights and the mi-
nor differences in the duration of VOC collection, resulting in values
expressed as peak area per gram dry weight and hour. The details for
GC-MS analyses and the processing of the chromatic peak data are de-
scribed in Danner et al. (2017).
Statistical Analyses
The data were log (x + 1)-transformed and for each feature the average
peak area of the control plants (n=15) was subtracted from the corre-
sponding peak area of each sample to center the data around the control
treatment values and to remove background peaks present in all sam-
ples. PLS models were fitted using the PLS algorithm as implemented in
the PLS package (Mevik and Wehrens, 2007) for R (R Core Team, 2016)
with two different classification options: co-existence history (native ver-
sus exotic, model 1a with all features included and model 1b, including
only features with VIP > 1, see below) and diet breadth (generalist versus
specialist, model 2a and 2b, idem).
For each model the number of optimal latent variables (LVs) was deter-
mined with the Receiver Operating Characteristic (ROC) as an optimiz-
ing criterion between 1 to 20 LVs. The models were cross-validated 200
times with 10-fold cross validation (CV) using the caret package (Kuhn
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2008). We further compared the model accuracies to models calculated
with the same dataset but with permuted predictors to assess random
model performance (200 repeats of a 10-fold CV). The accuracies of the
permuted models remained at the expected random accuracy (50 % for
two-class PLS models) for all fitted models. An example is depicted in
the Supplementary material (Figure S9 on page 189). Preprocessing of
data (scaling to unit variance) was included in the cross-validation loop
as recommended in (Kuhn and Johnson, 2013). The prediction capacity
of the models is expressed as the rate of positive predictions (accuracy)
during the 200 repeats of a 10-fold CV. After fitting the two models with
all 298 features as the predictor variables important predictors in the
model were selected by calculating the variable importance in projection
(VIP value) for each of them (Eriksson et al., 2001). Even though there is
no hard threshold for this value, the ‘greater than one rule’ is commonly
used as a criterion for selecting variables (Chong and Jun, 2005). VIPs
were determined for each of the models during 200 repeats of the 10-fold
CV and only features with VIP values greater one in all sub-models were
selected. The stability of VIP values is reflected by the average VIP calcu-
lated for each of the features across the cross-validation procedure. Only
features with an average VIP greater one were used for fitting new mod-
els (model 1b (co-existence history): 30 features, model 2b (diet breadth):
40 features) with the important features only.
The fresh weight of herbivores was determined before and after the in-
festations. From this the weight gain (fold change) was calculated for
each of the species with and without another herbivore species present
on the plant. Depending on the normality of data assessed with the
Shapiro statistics differences were assessed with the t-test or the Wilcox
test. For the comparisons of the single infestation with P. brassicae to the
weight gain of P. brassicae in all dual infestations Kruskal-Wallis + Pair-
wise Wilcox test with Bonferroni correction was used.
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Calculation of Relative Emissions for Qualitative Comparisons
Identified compounds were classified as green leaf volatiles (GLVs), ter-
penoids, sulfur-containing compounds and others. The emission values
as signal per hour and g dry weight were divided over the amount of
IS to obtain ng internal standard equivalents for each compound. These
were summed to obtain 100 %, based on which the contribution of VOC
class was calculated. The areas of the circles are proportionate to the
total quantity of the emitted identified volatiles (Figure 5.1).
results
The data matrix obtained by untargeted VOC analyses contained 298
features that were used for fitting the PLS models (model 1a and model
2a). The same models were run with a reduced set of variables selected
using the Variable Importance in Projection (VIP) procedure (model 1b
and 2b). Both the full set of variables as well as the VIP reduced dataset
were used to fit a model focusing on the effect of co-existence history
of the additional herbivore and one focusing on diet breadth. Among
the 298 features, 20 could be identified and served additionally to com-
pare the induced VOCs between native/exotic and generalist/specialist
herbivores feeding concurrently with P. brassicae (Table S7 on page 190).
Global Comparisons of HIPV Profiles After Single and Double Infestations
VOC blends after infestation with different herbivore species quantita-
tively and qualitatively differed (Figure 5.1). The single infestations with
P. brassicae, P. xylostella and T. ni emitted relatively low levels of volatiles,
whereas only 30-50 % of the profile consisted of green leaf volatiles
(Figure 5.1). In contrast, plants infested with Mamestra spp., Spodoptera
spp. or A. rosae larvae overall emitted much more volatiles, the major-
ity of which were GLVs. This was not solely driven by differences in
the amount of damage that these two groups of herbivores inflicted to
the plant (Figure 5.1, values under pie charts, Table S5/S6 on page 187
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Figure 5.1: Relative contribution of the major volatile classes to HIPV blends after
single and double infestations. The size of the charts represents the
total HIPV emission (ng internal standard equivalents). GLVs - green
leaf volatiles, terp - terpenoids, sulfur - sulfur-containing VOCs, oth-
ers - other VOCs. Numbers under each graph are percent damage
values ± 1SE. MB - Mamestra brassicae, MC - Mamestra configurata, PX
- Plutella xylostella, SE - Spodoptera exigua, SL - Spodoptera littoralis, SY -
Athalia rosae, TN - Trichoplusia ni, PB - Pieris brassicae.
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and 188). P. xylostella, for example, damaged on average as much leaf
area as the other species, but the emissions were the lowest of all single
herbivore treatment groups (Figure 5.1).
Compared to plants only infested with P. brassicae, the presence of a sec-
ond herbivore changed the amount and composition of the HIPVs emit-
ted. In all infestations with a second herbivore more HIPVs were emitted
than by a plant infested with P. brassicae alone, with a higher proportion
of GLVs and a lower proportion of sulfur containing compounds (Figure
5.1); Adding P. xylostella or A. rosae (SY) to a P. brassicae infested plant
increased emission rates only marginally, despite large and significant
increases in feeding damage (Figure 5.1).
Compared to the single herbivore treatments with the ‘second herbi-
vores’, double infestation made the HIPV emissions increase over the
levels of the single treatment for M. configurata, P. xylostella, S. littoralis
and T. ni whereas for the other treatments the double infestations caused
lower HIPV emissions compared to single infestation without P. brassi-
cae. For M. configurata and S. littoralis we cannot rule out the possibility
that the higher damage level contributed to the observed higher HIPV
emissions (Figure 5.1). Interestingly, the double infestation with A. rosae,
which caused the highest damage to the plants, caused lower HIPV emis-
sions compared to the single infestation with A. rosae alone (Figure 5.1).
In the case of Mamestra spp., P. xylostella, A. rosae and T. ni, the double
infestations lead to an increased share of GLVs. In the HIPV profile after
double infestation with T. ni and P. brassicae this came at the expense
of sulfur containing HIPVs whereas in the profile for double infestation
with P. xylostella and P. brassicae this came at the expense of terpenoids.
The PLS model fitted for the co-existence history (model 1a) of the sec-
ond herbivore discriminated between double infested plants that had a
native or an exotic herbivore as the second herbivore with an accuracy
of 76 % ± 0.2 based on a model with three latent variables (LVs) explain-
ing 36.9 %, 18.5 % and 7.8 % of the variance (Figure 5.2a). When com-
paring between treatments with native or exotic herbivores as a second
herbivore, plants with an exotic second herbivore showed significantly
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Figure 5.2: PLS-DA score plots of models with all 298 features included on the
left (a and c) and with VIP>1 selected features on the right (b and d).
a) and b) Plants infested with Pieris brassicae and an exotic (red) or
a native (blue) herbivore (model 1a: 3 latent variables (LVs), R2: 0.64;
model 1b: 3 LVs R2: 0.68). c) and d) Plants infested with another spe-
cialist (red) or generalist (blue) herbivore. (model 2a: 4 LVs, R2: 0.88;
model 2b: 3 LVs, R2: 0.74). Axis values in brackets are the explained
variation of each LV. Three letter codes are herbivore treatment codes
(see Table 5.1).
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Figure 5.3: Average emission rates of herbivore induced plant volatiles (± 1SE)
over control levels for identified compounds (scaled to unit variance).
Plants infested with Pieris brassicae and a) either a native (white bars)
or an exotic (black bars) herbivore species. (Data: native - 3 species
(n=24 samples), exotic - 4 species (n=23 samples)) b) either a general-
ist or an additional specialist herbivores (Data: generalist - 5 species
(n=33 samples), specialist - 2 species (n=14 samples)). The mean rela-
tive emission rates were calculated as follows:
mean
{
ln
treatment peak area
g (dw) ·h −mean
(
ln
control peak area
g (dw) ·h
)}
±1SE
Compounds selected with the variable importance projection (VIP)
method are in red. Letters indicate significant differences of volatile
emissions compared to control (undamaged plants) levels and stars
between the classes of herbivores. Depending on normality, results of
ANOVA + Tukey HSD or Kruskal-Wallis + Pairwise Wilcox test with
Bonferroni correction.
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increased emissions for 16 (5.4 %) of the 298 volatile features, whereas
a second native herbivore triggered increased emissions for 100 features
(33.4 %).
When compared to the control plants, exotic herbivory induced 20 fea-
tures (6.7 %) above control levels and 2 features (0.7 %) were suppressed,
whereas after native herbivore feeding 30 features (10.0 %) were induced
above control levels and 4 features (1.3 %) were suppressed (data not
shown).
The VIP procedure identified 30 robust features with a VIP-value > 1 in
all sub-models of the cross-validation loop (Table S8 on page 191). The
model fitted with the VIP selected features (model 1b) resulted in an
accuracy of 87 % ± 0.2 (3 LVs; explained variance: 35.9 %, 10.0 %, and
15.4 %; Figure 5.2b). Among the identified compounds 3-butenyl-ITC
and limonene were robust features. Analyses with the subset of iden-
tified HIPVs showed that the green leaf volatiles (GLVs) (Z)-3-hexenol,
and (Z)-3-hexenyl acetate and the glucosinolate (GLS) breakdown prod-
uct 3-butenyl-isothiocyanate (3-butenyl-ITC) were significantly induced
above control (undamaged plant) levels (Figure 5.3a). Exotic herbivores
additionally induced the GLV (E)-2-hexenol (Figure 3a). Between the two
classes, the induction of HIPVs was different for (Z)-3-hexenyl acetate,
3-butenyl-ITC, and nonanal with higher emissions with an exotic herbi-
vore present in addition to P. brassicae.
The high accuracy of the model and these differences in emission rates
allow us to conclude that it is possible to discriminate the co-existence
history of the second herbivore that is feeding on the same plant as P.
brassicae, based on the HIPV blends induced after dual infestation.
PLS models were also fitted for diet breadth of the second herbivore
(specialists versus generalists). The model based on all features (model
2a) showed an accuracy of 89.2 ± 0.2 (4 LVs; explained variance: 21.9 %,
35.8 %, 6.2 %, and 4.4 %; Figure 5.2c).
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Figure 5.4: Average weight gain (fold change over starting weight± 1.5 interquar-
tile range with dots representing outliers) of larvae feeding for 48 h
on singly infested plants (left box) and double infested plants (right
box). MB - Mamestra brassicae, MC - Mamestra configurata, PX - Plutella
xylostella, SE - Spodoptera exigua, SL - Spodoptera littoralis, SY - Athalia
rosae, TN - Trichoplusia ni, PB - Pieris brassicae. On the right: Compari-
son between the infestation with P. brassicae only and the weight gain
of P. brassicae during double infestations (DPB) with each of the her-
bivore species. Three letter codes indicate double infestations. Stars
indicate significant differences assessed with t-test or Wilcox-test de-
pending on normality of data (Shapiro). For the comparisons on the
right Kruskal-Wallis + Pairwise Wilcox test with Bonferroni correc-
tion was used.
When P. brassicae and a second generalist herbivore were feeding the
HIPV emissions were significantly increased compared to HIPV emis-
sions induced by P. brassicae and a second specialist herbivore for 21
(7 %) of the 298 volatile features. In contrast a second specialist herbi-
vore caused higher HIPV emissions than a second generalist herbivore
for 5 features (1.7 %).
When compared to the non-damaged control plants, the dual infes-
tations with P. brassicae and a generalist herbivore induced 25 fea-
tures (8.4 %) above control levels and 1 feature (0.3 %) was suppressed
whereas the dual infestations with P. brassicae and a specialist herbivore
induced 19 features (6.4 %) above control levels and 6 features (2.0 %)
were suppressed (data not shown).
By selecting features with a VIP>1 we obtained 40 robust features (Table
S8 on page 191). The model fitted with these robust predictors (model 2b)
showed an accuracy of 91.3 % ± 0.1 (3 LVs, explained variance: 37.1 %,
18.9 %, and 18.4 %; Figure 5.2d). It is thus also possible to infer from
HIPV blends whether a second herbivore on a plant with P. brassicae is a
generalist or specialist herbivore.
3-Butenyl-ITC and (Z)-3-hexenyl acetate both were among these impor-
tant features. Of the identified compounds, the emissions of GLVs (Z)-3-
hexenol and (Z)-3-hexenyl acetate were significantly increased compared
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to control plants by generalists and specialists as a second herbivore.
In addition, generalist herbivory, induced (E)-2-hexenol and 3-butenyl-
ITC emissions. Generalist feeding also increased the emissions of (Z)-3-
hexenyl acetate and 3-butenyl-ITC more than specialists feeding on the
same plant as P. brassicae (Figure 5.3b).
In summary, B. rapa plants with P. brassicae and a second generalist or
specialist herbivore emit different HIPVs in different quantities. Whereas
plants with P. brassicae and a second generalist herbivore emit more fea-
tures in higher quantities than control plants as well as plants infested
with a specialist as a second herbivore, plants with P. brassicae and a
second specialist herbivore supress more features below controls levels.
The weight gain of the different herbivores when growing alone or with
P. brassicae on the same plant, and vice versa, was also assessed. The
weight gain of A. rosae and P. xylostella decreased in the presence of P.
brassicae whereas the weight gain of S. littoralis increased (Figure 5.4, left
panel). The growth of T. ni, M. configurata, S. exigua, and M. brassicae was
not affected by the presence of P. brassicae. In none of the combinations,
the weight gain of P. brassicae was significantly affected by the presence
of another herbivore (Figure 5.4, right panel).
discussion
In a previous study we have shown that HIPV blends induced by exotic
herbivores can be distinguished from those induced by native herbivores
(Danner et al., 2017). In this study we demonstrated that this herbivore
characteristic can still be distinguished when the plant was co-infested
with the native specialist herbivore P. brassicae. Also generalist and spe-
cialist herbivores caused differential HIPV emissions when they were
either feeding alone (Danner et al., 2017) or together with the specialist
herbivore P. brassicae (this study).
Overall plants after single infestation with P. brassicae and P. xylostella
showed the lowest emission of HIPVs (Figure 5.1). While it was ex-
pected that dual infestations enhance HIPV emissions as a consequence
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of greater feeding damage, this was not the case for the plants with
M. brassicae, S. exigua and A. rosae as a second herbivore. Especially the
low emission levels of plants with A. rosae as a second herbivore, which
caused the highest leaf damage overall (12%), demonstrates that greater
damage not always translates into increased HIPV emissions.
Double infestations also resulted in qualitative shifts in the HIPV profile.
When a second herbivore was feeding simultaneously with P. brassicae
the proportions of VOC classes in the blend generally changed towards
higher proportions of GLVs and lower proportions of sulfur-containing
compounds and terpenoids. The exception to this pattern, was the dou-
ble infestation with T. ni which did not increase GLVs but led to a higher
proportion of terpenoids at the expense of other HIPVs (Figure 5.1). Ter-
penoids and sulfur-containing compounds are known to confer speci-
ficity in tritrophic interactions of plants, herbivores and higher trophic
level organisms (Mumm et al., 2008; Ferry et al., 2007; Soler et al., 2005;
Bruce, 2014; Pope et al., 2008). Plants attacked by two herbivores simulta-
neously may therefore render less attractive towards herbivore enemies
which exploit these compounds as cues. In contrast, the higher levels of
GLVs - which also serve as cues for herbivore enemies, especially gener-
alist parasitoids (Reddy et al., 2002; Steidle and van Loon, 2003; Penaflor
et al., 2011; Bruce, 2014) - may cause an increased attraction to dual in-
fested plants. Attracting generalist herbivore enemies may be beneficial
when more than one herbivore species is feeding simultaneously. Nev-
ertheless, this also underscores how difficult it is to predict HIPV emis-
sions after dual attack based on what is known from single herbivore
infestations (see also Dicke et al., 2009).
Similar to the results previously found for single herbivores (Danner
et al., 2017), plants infested with specialists in addition to P. brassicae,
emitted less HIPVs compared to plants infested with generalist herbi-
vores and P. brassicae. This suggests that specialists possess specific adap-
tions that suppress the plant’s defense responses, including HIPVs serv-
ing as indirect defenses. By minimizing the up-regulation of HIPV emis-
sions, specialists can remain less detectable to their enemies (Vet et al.,
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1991), which may indicate that plants are not in the driver’s seat in the
co-evolutionary arms-race between B. rapa and specialist herbivores.
The direct comparison of known HIPVs revealed that the green leaf
volatile (GLV) (Z)-3-hexenyl acetate, the glucosinolate breakdown prod-
uct 3-butenyl-ITC and nonanal are induced stronger in double infested
plants with an exotic herbivore species (Figure 5.3a). 3-Butenyl-ITC has
been previously reported to be less strongly induced after specialist her-
bivory (Danner et al., 2017). Here it was also less emitted after dual infes-
tations when the second herbivore was a specialist. Therefore, we cannot
rule out the possibility that the stronger induction caused by exotic her-
bivores primarily is caused by the proportion of generalists in this class
(100 %), whereas there were both specialists and generalists in the native
class. This underscores the importance of eliminating such confounding
factors in multivariate models and calls for further studies with a focus
on differences between generalist native and exotic herbivores alone.
Nevertheless, the ability of models to discriminate between HIPVs in-
duced by herbivores with differing co-existence history and diet breadth,
also when the models are imbalanced by these confounding factors, was
shown not only here but also previously (Danner et al., 2017). Further-
more, this scenario might be exactly what foraging herbivore enemies
encounter in nature, when native/exotic and generalist/specialist herbi-
vores are present in the habitats simultaneously. Thus, for studies aiming
at investigating the key volatiles different between native and exotic her-
bivores it may be advantageous to eliminate those factors. In contrast, for
investigating which features remain reliable cues in complex olfactory
environments with all types of herbivores present, the models presented
here may be better suited.
Dual infestations in general caused rather simple HIPV blends compared
to the single infestations in Danner et al. (2017). If this pattern proves to
be independent of the presence of specialist herbivores in future studies,
this may suggest that defense pathways are independent and different
between single and multiple attack. Nevertheless, crosstalk between de-
fense pathways induced by different herbivores, feeding simultaneously
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with P. brassicae, may also result in an induction of fewer compounds. Ad-
ditionally, native and exotic as well as generalist and specialist second
herbivores differed in the emission of the same GLVs and 3-butenyl-ITC
(Figure 5.3). This indicates that it may become more difficult for para-
sitoids and predators to distinguish between those HIPV blends at least
when native and exotic as well as generalist and specialist herbivores are
present in the habitats simultaneously.
Nevertheless, the differences were unambiguously detected by the PLS
models and more than 39 % of all features were emitted in significantly
altered amounts when the second herbivore was either a native or an ex-
otic herbivore. When the second herbivore was a generalist or a specialist
herbivore around 9 % of all features differed. Parasitoids are known to
respond to minor changes in HIPV blends (McCormick et al., 2012) and
their capacities to learn subtle differences of these blends (Giunti et al.,
2015; Hoedjes et al., 2011) increases the probability that they differen-
tiate between plants attacked by herbivores with different co-existence
history and diet breadth also when two herbivores feed simultaneously.
Whether this translates into behavioral changes of the natural enemies
in the wild remains to be tested.
All herbivores induced the two GLVs 3-hexen-1-ol and (Z)-3-hexenyl ac-
etate and the GSL breakdown product 3-butenyl ITC above control levels
of plants without herbivory. GLVs are known from the unspecific general
wounding response of plants (Fall et al., 1999) and also ITCs are formed
after any tissue damage (van Dam et al., 2012). Nevertheless, these com-
pounds are often involved in the attraction of carnivores (Birkett et al.,
2003; Gouinguene et al., 2005; Mumm and Dicke, 2010; Reddy et al.,
2002). Ratios of (Z) and (E)-forms of GLVs may add further specificity
to these blends that can be exploited by parasitoids (Allmann and Bald-
win, 2010). However, specialist herbivore feeding induced these generic
HIPVs to a lesser extent (Figure 5.3) and suppressed more features to
below control levels. Alltogether, the HIPVs of plants with a second her-
bivore still may contain sufficient ‘infochemical’ information about the
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nature of the second herbivore with regards to its diet breadth when
native and exotic herbivores are present simultaneously.
Whether or not the shifts in HIPVs are advantages to the plant, her-
bivore or parasitoid is another matter. For example, when two specialist
herbivores P. rapae and P. xylostella were feeding concurrently on cabbage
plants it has been shown that C. plutellae is less attracted than towards
plants with their host only. On the other hand C. glomerata was more at-
tracted towards double infested plants. This indirect interaction of both
herbivores via plant HIPVs leads to an enemy free space for P. xylostella
whereas for P. rapae an enemy dense space is created through the inter-
action of both herbivores (Shiojiri et al., 2001).
Tri-trophic interactions have so far not been much investigated in the con-
text of native and exotic species (Cusumano et al., 2015; Desurmont et al.,
2014). A reduced attraction has been reported for C. glomerata when the
exotic herbivore S. littoralis was feeding either alone or in concert with
P. brassicae (Chabaane et al., 2015). In addition, the interaction of both
species on the plant resulted in parasitation attempts on the unsuitable
non-host S. littoralis, but this had no impact on the parasitation rate of
P. brassicae. Nevertheless, P. brassicae might gain enemy free space in that
system by the presence of the exotic herbivore and plant fitness may be
negatively affected. Our results suggest that the shifts in HIPV blends
found for double infested plants may suffice to explain a reduced attrac-
tion of parasitoids in Chabaane et al. (2015).
In our study, native generalist herbivores and exotic generalist herbi-
vores induced similar shifts in the HIPV profiles of B. rapa which sug-
gests that dual infestations themselves may cause these altered HIPV
blends. Studies are needed which compare the foraging behavior of a
single parasitoid species to a series of native and exotic herbivores in
combination with the host species to investigate whether the different
HIPV blends affect herbivore enemies differently. Generalist parasitoids
are thereby likely to respond differently to plants under dual attack than
specialist parasitoids as they may be able to successfully parasitize mul-
tiple herbivores including exotic new hosts.
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In conclusion, our results demonstrate that HIPV blends emitted by Bras-
sica rapa are different between native and exotic as well as between gener-
alist and specialist ’second herbivores’. The differences in HIPV profiles
are more pronounced when plants are attacked by single herbivores dif-
fering in co-existence history or diet breadth (Danner et al., 2017). In
a multiherbivore context with the specialist herbivore P. brassicae, fewer
compounds in the HIPV blends differ and these are more generic com-
pounds such as GLVs and ITCs. This may indicate the importance of
these cues, exploited by a wide variety of plant-associated organisms,
when plants are attacked by more than one herbivore species.
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G E N E R A L D I S C U S S I O N
In this thesis I have analyzed the volatile responses from roots and shoots
of a wild Brassica rapa accession when the plant is challenged by single
and multiple above- and belowground herbivores. In the following para-
graphs, I recall the findings of the different chapters while putting them
in the perspective of previous studies and identifying potential new chal-
lenges for further research.
ptr-ms as a platform to analyze plant volatiles
Investigations of plant volatile organic compound (VOC) emissions is
supported by a variety of different methods (Tholl et al., 2006). The ad-
vantages and disadvantages of some of these methods were described
in chapter 2. Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is a
relatively new tool for analyzing VOCs in chemical-ecological research
and comes with the advantage of a high sensitivity to analyze quantities
below the ppm range and needs no pre-analytical procedures. It also
allows the recording of temporal emission dynamics. Those temporal
dynamics are facilitating the identification of alterations and maxima of
VOC emissions in plant-herbivore interactions. In combination with par-
asitoid behavioral assays, the online analyses might therefore help in the
identification of key compounds for parasitoid attraction. Furthermore,
the online monitoring of VOCs might allow identifying actively feed-
ing root herbivores when quantities of certain VOCs are developed as
markers for assessing root damage non-destructively (chapter 2). Before
I started my research, most PTR-MS analyses have focused on the above-
ground VOC emissions and only one study analyzed in vitro grown Ara-
bidopsis roots (Steeghs et al., 2004). In chapter 2, I reviewed the potential
of this technique and illustrated within a small experiment how herbi-
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vore induced plant volatiles (HIPVs) from Brassica roots can be analyzed
with PTR-MS. Similar studies have been conducted using PTR-MS for
root VOC analysis (Crespo et al., 2012; Danner et al., 2015; van Dam
et al., 2012). In contrast to mass spectrometry systems based on elec-
tron impact, PTR-MS is a much softer ionization technique, with only
little to no fragmentation of parent ions. Therefore, quantification is eas-
ier with this technique (chapter 2). Nevertheless, standards are needed
for response curves for exact quantification (Harren and Cristescu, 2013;
Samudrala et al., 2015; Steeghs et al., 2004).
Unambiguous identification of compounds remains notoriously difficult
on quadrupole-based PTR-MS systems. It may be accomplished by the
use of isotopic ratios and standards for each of the analyzed compounds
(chapter 2). As an alternative, a time-of-flight-based mass spectrometry
system could have eventually provided a broader range of compounds.
In such systems the identification of compounds is highly facilitated by
the accurate mass data that are generated (Graus et al., 2010).
In chapter 3 the emission patterns of two small molecules, methanethiol
and methanol, were analyzed. These highly volatile compounds are com-
monly not reported when GC-MS systems are used as an analytical plat-
form, because they co-elute with the solvent peaks. PTR-MS gives the
opportunity to circumvent these difficulties and shows the suitability of
the system for such small molecules which may also be ecologically rel-
evant (Seco et al., 2007).
interactions of above- and belowground herbivores with
regard to hipvs
In combination with the PTR-MS instrument additional peripheral tools
were designed for monitoring VOCs released from plant roots and
shoots in several experimental replicates and over longer time periods.
An automatic switching between plant cuvettes of roots and shoots of
eight plants was developed for the experiments conducted in chapter 3.
The time set to measure the headspace in each cuvette and the amount
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of replicates were the main limitations for the resolution of these tem-
poral dynamics. Using the PTR-MS technique in combination with the
newly developed sampling system described above, both below- and
aboveground VOC emissions of B. rapa plants could be monitored simul-
taneously; this renders the technique extremely suitable for studying the
HIPV dynamics of simultaneous attacks above- and belowground. With
the experimental design used in chapter 3, we were thus able to iden-
tify local responses and separate them from systemic responses between
roots and shoots in plants attacked on above- and belowground tissues.
Roots and shoots are experiencing different environments and total plant
fitness is determined by successful defense of both organs against herbi-
vores. Infochemical networks are present above- and belowground and
HIPVs are part of the plant response in both compartments (van Dam
and Heil, 2011; Wenke et al., 2010). The systemic responses of shoots
towards root herbivory and vice versa show that organisms that never
physically meet can still influence each other via their impact on plant
responses. Interactive effects of multiple herbivores feeding on the same
plant have been found to occur on shoots (Bukovinszky et al., 2012b;
de Rijk et al., 2013; Ponzio et al., 2014) and our results add to the evi-
dence that these effects also occur between roots and shoots (Bezemer
and van Dam, 2005; Kruidhof et al., 2013; Soler et al., 2013, 2007b).
The higher emission of sulfides from aboveground tissues observed in
plants attacked on roots and shoots may allow herbivore enemies of
aboveground herbivores to adjust their behavior and avoid plants in-
fested also on the roots, because fitness of their offspring might be re-
duced on those plants (Soler et al., 2007b, 2012b). Simultaneous her-
bivory did not affect belowground sulfur compound emissions which
suggests that the higher emissions previously detected in the total
headspace of dual attacked B. nigra plants are contributed by the above-
ground plant parts only (Soler et al., 2007b).
It has previously been shown that the presence of aboveground herbi-
vores may reduce root VOC emissions (Rasmann and Turlings, 2007;
Rostas et al., 2015). I observed an induction of dimethylsulfide in roots
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of B. rapa after shoot infestation, which demonstrates that root emissions
may also be increased after aboveground herbivore feeding. This impli-
cates that the cross-talk between aboveground and belowground defense
pathways can be bidirectional, although it may depend on the specific
herbivore-plant combination. Until now, no general patterns could be
observed.
In summary, aboveground multitrophic interactions may be modulated
by the presence of belowground herbivores and vice versa when HIPV
emissions change, influenced by herbivory in the other compartment. In
interactions between multiple aboveground herbivores plant-mediated
indirect effects via induced plant responses may be obscured by other
mechanisms, such as direct competition between herbivores. In contrast,
the investigation of aboveground-belowground interactions provides a
unique opportunity to study the effects of herbivore-induced responses
on plant associated organisms, because the herbivores are spatially sep-
arated (Soler et al., 2012b). Herbivore enemies that exploit HIPVs from
roots and shoots may differentiate the organ from which the VOCs are
emitted as a cue for the presence of other herbivores. For example, it
is known that parasitoids searching for their belowground hosts specif-
ically exploit cues from aboveground plant parts (Neveu et al., 2002;
Pierre et al., 2011b). Thus, in order to obtain a complete picture of the
HIPV based infochemical network, we need to integrate, both, root and
shoot responses.
specificity of plant hipvs based on global herbivore
traits
HIPVs emitted by plants following herbivore attack are highly di-
verse and differ between plants attacked by different herbivores. HIPV
blends may reveal herbivore characteristics such as feeding mode
(piercing-sucking/leaf chewing) or host specialization (generalist/spe-
cialist) (Rowen and Kaplan, 2016) to HIPV exploiting organisms. Yet, it
is not clear how and which characteristics of the attacking herbivores
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are recognized by plants. Phylogenetic distance does not always account
for similarities and discrepancies. For example, for closely related Pieris
caterpillars, species-specific HIPVs have been described (Geervliet et al.,
1997), whereas in other cases herbivore damage and mechanical dam-
age induced a similar blend of VOCs (Mithöfer et al., 2005). Feeding
strategies have been suggested as one of the major characteristics rec-
ognized by the plant; they infer different types of damage to the plant
tissue which affects damage-associated molecular patterns (DAMPs) and
interacts with herbivore specific elicitors (HAMPs) to shape specific re-
sponses (Acevedo et al., 2015; Duran-Flores and Heil, 2016). For example,
major differences related to transcription patterns and HIPVs have been
described between piercing-sucking versus chewing herbivores (Bidart-
Bouzat and Kliebenstein, 2011; Mewis et al., 2006; Rowen and Kaplan,
2016). This is due to the fact that these herbivores induce different phyto-
hormonal transduction pathways. Broadly, piercing-sucking herbivores
induce the salicylic acid (SA) pathway, whereas chewing herbivores in-
duce the jasmonic acid (JA) pathway (Erb et al., 2012; Girling et al., 2008;
Walling, 2000; Zarate et al., 2007). In chapter 4 I confirmed that the feed-
ing mode of herbivores can be identified most reliably from the HIPVs
induced in Brassica rapa compared to other global herbivore characteris-
tics.
Another trait affecting plant responses is the level of host specialization
of herbivores (Ali et al., 2012). Previous findings on HIPVs are contradic-
tory (Agrawal, 2000; Govind et al., 2010; Lankau, 2007; Reymond et al.,
2004; Voelckel and Baldwin, 2004; Volf et al., 2015) and these studies
did not allow generalizations about HIPVs emitted after both types of
herbivory (generalists vs. specialists). In a recent meta-analysis of the
current literature, it was shown that generalists induce a similar number
of compounds in plants than specialists, even though in higher quanti-
ties after specialist herbivory. It was mentioned though, that the results
might have been imbalanced by the presence of different proportions
of piercing-sucking and leaf chewing herbivores in both classes (Rowen
and Kaplan, 2016). In order to formally test the hypothesis that HIPVs
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differ between generalist and specialist herbivores, emitted HIPV blends
must be investigated in experiments including several herbivores from
each class. Such experiments were lacking so far. In chapter 4 I could
show with an unprecedented number of herbivores that it is indeed pos-
sible to identify the host specialization of attacking herbivores from the
induced VOC blends. In contrast to what was found in the meta-analysis
by Rowen and Kaplan (2016), generalists induced a much greater num-
ber of compounds compared to specialist feeding. This suggests that
specialists possess specific adaptions that suppress the plant’s defense
responses, including HIPVs serving as indirect defenses. For example, in
the piercing-sucking class, the specialist aphid successfully suppressed
most HIPV emissions, whereas feeding by the generalist aphid induced
the emission of 6-methyl-5-hepta-2-one. Effectors injected during feeding
of specialist aphids are well known to silence HIPV emissions (Elzinga
et al., 2014; Jaouannet et al., 2014; Rodriguez and Bos, 2013) which may
explain the mechanisms behind our results.
In recent years it has become increasingly important to understand the
consequences of newly introduced herbivores without a history of co-
existence with the host plants (Desurmont et al., 2014). Indeed, through
climate change and human travel and transport activities, exotic her-
bivores spread globally in all environments (Bebber et al., 2013; Chen
et al., 2011; Leimu et al., 2012). So far, the consequences for chemically-
mediated interactions between plants and insects have received relatively
little attention. Native herbivores sharing a long history of co-existence
and exotic herbivores without this common history might differ in the
HIPVs they induce in native plants. This might be due to novel elicitors
which may not be recognized by the plant.
In chapter 4 I showed that co-existence history constitutes another global
herbivore characteristic similar to feeding mode and diet breadth that
can be inferred from the HIPV blends that native and exotic herbivores
induce. Exotic herbivores induced fewer compounds compared to native
herbivores. Among the identified induced compounds only GLVs and
3-butenyl-ITC were induced above control levels by exotic herbivores.
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These compounds have been previously reported as cues in tritrophic
interactions especially involving generalist natural enemies (Bruce, 2014;
Mathur et al., 2013a; Reddy et al., 2002). Exotic herbivores might there-
fore not escape these generalist natural enemies. The HIPV blends in-
duced by exotic herbivores were also relatively simple compared to
HIPVs after native herbivory which contain a large proportion of ter-
penoids and other VOCs (chapter 4). Parasitoids, predominantly special-
ist parasitoids, are known to exploit these compounds for adjusting their
foraging decisions (Mumm et al., 2008; Ferry et al., 2007; Soler et al., 2005;
Bruce, 2014; Pope et al., 2008) which implies that exotic herbivory may
be noticed by those herbivore enemies.
Whether or not exotic herbivores can serve as alternative hosts for native
herbivore enemies needs further investigation. Potentially the invasion
success of exotic herbivores is promoted by a limited number of gener-
alist enemies which can successfully reproduce in new host herbivores.
At the same time my results also imply that specialist herbivore ene-
mies which are known to respond to small differences in VOC blends
(Kessler and Heil, 2011; Mumm and Dicke, 2010) may be able to dif-
ferentiate native host and exotic non-host infested plants. Therefore, a
disruption of their attraction towards host-infested plants may not be
expected, which attenuates the potentially detrimental effects of exotic
herbivores. In chapter 4 the full potential of the developed models was
shown by using them to predict the unclear co-existence history of T. ni
and S. exigua. The latter herbivores do occur in the Netherlands, but do
not overwinter in the wild and are considered seasonal migrants. The
predictive power of multivariate models was successfully applied here
to ‘ask the plant and the herbivore’ about the nature and history of their
interaction. The specificity of HIPVs after native and exotic herbivore
attack was shown to be sufficient to make such general predictions.
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single versus multiple herbivore attack
In nature, plants are probably attacked by several species simultaneously
most of the time (Dicke, 2016; Dicke et al., 2009) with multiple herbi-
vores being present aboveground, but also belowground (Rasmann and
Agrawal, 2008; van Dam, 2009a). The consequences of multiple, simulta-
neous attacks have been shown to be hard to predict from the responses
after single attack (Dicke et al., 2009; Poelman and Kessler, 2016; Stam
et al., 2014; van Dam, 2009b). We can expect different responses triggered
by elicitors in the saliva of the different herbivore species, as well as an
integrated response resulting from phytohormonal cross-talk. Keystone
herbivore species might play an important role in the prioritization of
responses (Poelman and Kessler, 2016). In chapter 3, I showed that dual
attack on roots and shoots leads to the emission of methanethiol from
the shoots, which is not detected in shoots with either of the herbivores
attacking the plant alone. In contrast, a systemic emission of dimethylsul-
fide was detected in roots after shoot herbivory. These interactive effects
may be a consequence of cross-talk between above- and belowground
defense pathways.
In chapter 4, I was able to recognize global herbivore characteristics
based on HIPVs emitted by plants infested by a single herbivore. In addi-
tion, I could also infer the co-existence history and the diet breadth from
HIPV blends when exotic or native herbivores attacked the plant simul-
taneously with the native specialist herbivore Pieris brassicae (chapter 5).
The specificity of the HIPV profile induced by native or exotic as well as
by generalist or specialist herbivores was still recognized in the presence
of a native herbivore feeding as a ’second herbivore’ on the same plant.
However, the HIPV profiles changed due to dual infestation. During sin-
gle attack by native herbivores several terpenoids and other VOCs were
emitted in higher quantities than after exotic herbivory (chapter 4). In
contrast, when native herbivores were feeding concurrently with P. bras-
sicae there was no increase in the emission of these compounds (chapter
5). This might either indicate independent defense pathways for single
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and multiple biotic stressors (Davila Olivas et al., 2017) or it is the out-
come of the cross-talk between defense pathways which are induced by
more than one herbivore.
Herbivore enemies which have been reported to respond to dual at-
tack differently than towards single attack (Bukovinszky et al., 2012b;
Cusumano et al., 2015; de Boer et al., 2008; de Rijk et al., 2013, 2016) may
thus also respond differently towards HIPVs induced by plants with a
non-host feeding at the same time. In lab-based choice experiments such
responses have been observed. For example, in olfactometer assays C.
glomerata prefers plants damaged by their host P. brassicae over plants in-
fested by their host and the exotic non-host S. littoralis (Chabaane et al.,
2015). Nevertheless, the ability of parasitoids to respond to these differ-
ences does not necessarily translate into lower host parasitation rates in
the field. Parasitation rates of P. brassicae on double infested plants re-
mained similar to plants only infested with P. brassicae in Chabaane et al.
(2015), which demonstrates the ability of specialist parasitoids to quickly
learn to associate altered HIPV blends with the presence of their hosts.
Our results suggest that the specific HIPV ‘fingerprint’ of herbivores re-
mains a reliable cue also during multiple attacks, but whether and how
these differences are learned and exploited by higher trophic levels in
the field remains unclear.
conclusions and further research challenges
In my thesis I investigated volatile responses of Brassica rapa to single and
multiple native and exotic herbivores above- and belowground. Some of
my results were in accordance with previous findings, while others ex-
tended existing knowledge and raised further questions. I showed that
the use of PTR-MS in research of plant herbivore interactions can be
highly beneficial. Further technological improvements by using time-of-
flight-based spectrometry will allow for a better identification of the di-
versity of root and shoot emitted compounds (Brilli et al., 2011; Graus
et al., 2010; Jordan et al., 2009).
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Volatile markers could also be used to assess root herbivory non-
destructively with compounds, such as isothiocyanates which are ex-
pected to be formed depending on the amount of damage. Using PTR-
MS I added to the evidence that systemic responses in aboveground
plant organs also appear between roots and shoots. In future, it will
be exciting to identify the nature of the systemic signal. Molecular ap-
proaches analyzing transcription patterns and phytohormonal analyses
in root and shoot attacked plants will help to understand the differential
elicitation of defense pathways above- and belowground. It would be
interesting to complement the time-resolved analyses with parasitoid as-
says to identify key time points of parasitoid attraction and relate them
precisely to actual emission patterns at the given time points.
Untargeted volatile metabolomics identified several global herbivore
characteristics affecting HIPV emissions. The HIPV blends were ana-
lyzed with computer-assisted multivariate statistical models, which does
not imply that VOC exploiting species recognize exactly these patterns.
Nevertheless, I hope that these findings will inspire future research to
link differences in HIPV profiles to behavioral responses of plant associ-
ated organisms. This is necessary in order to ultimately assess whether
VOC exploiting organisms can use these plant-derived cues to inform
themselves about global herbivore characteristics of potential host herbi-
vores.
The PLS models identified and predicted feeding mode and host spe-
cialization of attacking herbivores with high accuracy. Furthermore, also
the co-existence history was inferred with high precision from the HIPVs
induced after native and exotic herbivory, both feeding alone or concur-
rently with P. brassicae. The less complex HIPV profiles emitted after ex-
otic herbivory could have a proximate explanation in exotic HAMPs that
are unknown to native plants and unknown exotic DAMPs which lead to
less specific induction of VOCs in plants. Applying oral secretions from
multiple native and exotic herbivores to mechanically damaged plants
would help to investigate which compounds in the saliva differentially
induce HIPVs.
126
general discussion
These differential cues may be exploited by herbivore enemies and they
might be able to derive reliable information to find suitable hosts. The
ecological implications largely depend on the natural receivers of these
cues. Thus, further studies need to identify which of the cues can be
perceived by natural enemies and how they respond to these possibly
rich sources of information contained in HIPV emissions (Dicke 2015).
Electro-antennograms with different herbivore enemies may be a suit-
able method for limiting the number of potentially important features
in the VOC blends. The keystone species concept recently adapted to
herbivorous insects might also help to identify the herbivores affecting
plant responses the most (Poelman and Kessler, 2016).
In future untargeted volatile metabolomics, balanced designs without
confounding factors should be used for investigating the key volatiles
released by herbivores with different herbivore traits (such as in chap-
ter 4), whereas when the target is a model reflecting natural conditions
key volatiles important under ecologically relevant conditions may be
extracted better when all types of herbivores present in nature are also
present in the models. Furthermore, combining the analyses of HIPV
emissions with metabolomics of direct defense compounds would be
promising to elucidate which line of defense is more effective against
exotic attackers.
Whether the observed differences ultimately affect native infochemical
networks and have the potential to disrupt these networks, remains hard
to predict. Brassica rapa was shown to respond differently to single and
dual attack on roots and shoots, to the attack by herbivores differing in
global herbivore characteristics and finally to simultaneous attack versus
single attack. Future research should reveal the mechanistic background
of the differentially induced HIPVs, based on global herbivore character-
istics or the dual attack by herbivores in natural environments.
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Herbivore induced plant volatiles (HIPVs) are an important part of the
plant’s defense repertoire, because higher trophic level organisms use
HIPVs to localize their hosts. HIPV blends may be highly specific, even
differing between closely related herbivore species, resulting in finely
tuned infochemical networks between plants, herbivores and their ene-
mies. It is assumed that plant HIPV emissions are adaptive responses
and their specificity is due to tight coevolution between herbivores,
plants and natural enemies. Aboveground HIPVs have been intensively
studied for their potential in attracting aboveground natural enemies. Re-
cently, it has been discovered that also belowground HIPVs are exploited
by belowground natural enemies.
In this thesis, I analyzed HIPVs produced by native Dutch Brassica rapa
plants, upon root herbivory, shoot herbivory or both. Using different ana-
lytical platforms I analyzed whether root and shoot herbivory mutually
affects the emission of HIPVs in both organs, and whether herbivore
traits are important factors determining shoot induced HIPV profiles.
So far, sampling belowground HIPVs was, amongst others, hampered
due to technical limitations. Therefore, development of novel sampling
technologies is essential for studying HIPV emissions from roots and
shoots in the future. Furthermore, a high temporal resolution and sen-
sitivity for quantification of HIPVs, which are often released in minute
amounts, are desired properties next to adequate sampling procedures.
I addressed this issue in chapter 2 of my thesis. I demonstrated that
proton-transfer-reaction mass spectrometry (PTR-MS) is a suitable tool
for online measurement of root HIPVs that allows assessing root dam-
age in a non-destructive way. The exact timing of peak emissions for
single HIPVs might provide a better ‘view’ on the behavior of plant
associated organisms. PTR-MS has therefore a great potential for con-
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tributing to our understanding of belowground and aboveground plant
insect-interactions.
HIPV emissions of aboveground and belowground plant parts are not
independent of each other. Feeding damage at the roots can alter above-
ground HIPVs, which in return may influence aboveground parasitoid
behavior, and vice versa. The consequences of simultaneous attack to
roots and shoots for HIPV emissions were demonstrated in chapter 3.
The sampling system was further expanded to allow fully automated
and simultaneous measurements of root and shoot HIPVs for a set of
eight plants . The potential of PTR-MS for analyzing root and shoot emis-
sions concurrently on the same plant was exploited to record temporal
and quantitative differences of HIPV emissions in plants attacked either
on roots, shoots or both. Shoots of plants simultaneously infested in both
compartments emitted higher levels of sulfur-containing compounds,
which have been previously shown to be important for tritrophic interac-
tions of Brassica plants. The emissions from roots were readily induced
by root herbivory and were independent of shoot infestations. Roots re-
sponded to local infestations with faster HIPV emissions than shoots.
It is postulated that HIPVs have evolved as a result of local co-evolution
between plants, herbivores and natural enemies. Global change is having
a strong impact on these tightly coevolved networks. The increased tem-
peratures do not only have a direct impact on plant volatile responses
but also on the habitats of herbivores and herbivore enemies. Alien herbi-
vores invading into new territories are shifting the species composition.
This may also affect HIPV-based infochemical networks when HIPV pro-
files are altered by the presence of exotic herbivores. The consequences of
ecosystem invasion by alien herbivores on HIPVs and interacting species
have not been much explored yet, but the current literature suggests ex-
otics have the potential to disrupt native infochemically mediated species
interactions. Thus, these invasions could have detrimental short-term ef-
fects on the population dynamics of plants and insects, as well as on
the functioning of native ecosystems. This may have far-reaching conse-
quences, such as local extinction of parasitoid populations due to dis-
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turbed infochemical networks. So far, it is not known how HIPVs which
play a major role in these interactions may be altered by alien herbivore
species and how the HIPV exploiting species will respond. One major
shortcoming is that most studies are based on single species attacks,
whereas plants are usually attacked by multiple species - at the same
time or sequentially.
In chapter 4 of this thesis, I therefore focused on HIPVs emitted after
single and multiple attacks by native and exotic species with differing
host specialization and feeding modes. I was able to identify key fea-
tures of HIPV blends which can be traced back to global characteristics
of herbivores, such as the co-existence history with the plant, the degree
of host specialization and the feeding mode. With a subset of identified
volatile features it was shown that the HIPV blends differed in green
leaf volatiles, sulfur-containing compounds, several terpenoids and other
volatile organic compounds (VOCs) between native and exotic, special-
ist and generalist, as well as between phloem feeding and leaf chewing
herbivores. Herbivore enemies might therefore, quickly adapt their re-
sponses to these altered HIPV profiles limiting detrimental effects of
exotic herbivores in native food webs. The developed models were used
to predict the unknown co-existence history of two further herbivores
showing the full potential of multivariate modeling procedures.
In chapter 5, I demonstrated that co-existence history and host special-
ization of a second attacker can still be recognized in the HIPV blends
emitted after dual attack. In contrast to the findings after single attack,
the differences of identified volatile features between herbivores with dif-
ferent co-existence history and host specialization were less pronounced.
A large proportion of terpenoids and other VOCs which were induced af-
ter feeding by native and generalist herbivores alone did not show higher
emission rates after dual attack. Consequently, the behavioral responses
of herbivore enemies to these long-distance cues are expected to be dif-
ferent. Nevertheless, differential emission was found for approximately
39 % of all analyzed volatile features for herbivores with different co-
existence history, whereas for host specialization approximately 9 % of
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all features showed different emission rates. The plasticity of herbivore
enemy responses owned to their learning abilities has thus the potential
to attenuate detrimental effects of double herbivory on the infochemical
network.
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Door planten geproduceerde herbivoor-geïnduceerde vluchtige stoffen
(herbivore induced plant volatiles: HIPVs) zijn een belangrijk verdedi-
gingsmechanisme omdat organismen van hogere trofische niveaus deze
HIPVs gebruiken om hun gastheer te lokaliseren. HIPV mengsels kun-
nen zeer specifiek zijn en zelfs verschillen tussen nauw verwante soorten
herbivoren wat resulteert in nauwkeurig op elkaar afgestemde infoche-
mische netwerken tussen planten, herbivoren en hun vijanden. Er wordt
aangenomen dat HIPV emissies door planten adaptieve reacties zijn en
dat hun specificiteit veroorzaakt wordt door een nauwe co-evolutie tus-
sen herbivoren, planten en natuurlijke vijanden. Bovengrondse HIPVs
zijn intensief onderzocht op hun vermogen om bovengrondse natuur-
lijke vijanden aan te trekken. Recentelijk is er ontdekt dat ook onder-
grondse HIPVs gebruikt worden door ondergrondse natuurlijke vijan-
den.
In dit proefschrift heb ik HIPVs, geproduceerd door inheemse Neder-
landse Brassica rapa planten, geanalyseerd in reactie op wortel-herbivorie,
scheut-herbivorie of een combinatie hiervan. Gebruikmakend van ver-
schillende analytische platforms heb ik geanalyseerd of wortel en scheut
herbivorie de emissie van HIPVs in beide delen beïnvloed en of wortel-
geïnduceerde HIPV profielen bepaald worden door eigenschappen van
herbivoren.
Tot dusver werd het bemonsteren van ondergrondse HIPVs belem-
merd door, onder andere, technische beperkingen. Het ontwikkelen van
nieuwe bemonsteringsmethoden is dan ook essentieel voor toekomstige
studies naar HIPV emissies afkomstig uit wortels en scheuten. Verder
zijn, naast een adequate bemonsteringsprocedure, een hoge tijdsresolu-
tie en gevoeligheid benodigd om HIPVs, die vaak in minieme hoeveel-
heden vrijkomen, te kwantificeren. Dit onderwerp wordt behandeld in
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hoofdstuk 2 van dit proefschrift. Ik toonde aan dat proton-transfer reac-
tion mass spectrometry (PTR-MS) een geschikte methode is om online
metingen te verrichten van wortel HIPVs en dat PTR-MS het mogelijk
maakt op niet-destructieve wijze wortelschade te beoordelen. Het vast-
stellen van het exacte tijdstip van piek-emissies voor individuele HIPVs
kan een betere kijk op het gedrag van plant-geassocieerde organismen
opleveren. PTR-MS zou op deze wijze sterk kunnen bijdragen aan ons
begrip van ondergrondse en bovengrondse plant-insect interacties.
HIPV emissies door bovengrondse en ondergrondse plantendelen zijn
niet onafhankelijk van elkaar. Vraatschade aan de wortels kunnen boven-
grondse HIPVs veranderen en dit kan op zijn beurt het bovengrondse
parasitaire gedrag beïnvloeden en andersom. De effecten van een gelijk-
tijdige aanval op wortels en scheuten op HIPV emissies werden aange-
toond in hoofdstuk 3. Het bemonsteringssysteem werd verder uitgebreid
om volledig geautomatiseerde en gelijktijdige metingen van wortel en
scheut HIPVs voor een set van acht planten mogelijk te maken. De mo-
gelijkheid om met PTR-MS wortel en scheut emissies gelijktijdig voor
dezelfde plant te meten werd benut om temporele en kwantitatieve ver-
schillen in HIPV emissies vast te leggen in planten aangevallen op wor-
tels, scheuten of beiden. Scheuten van planten die gelijktijdig in beide
delen aangetast werden hadden een hogere emissie van zwavelbevat-
tende verbindingen waarvan eerder is aangetoond dat deze belangrijk
zijn voor de tri-trofische interacties van Brassica planten. Emissies uit
wortels werden snel geïnduceerd door wortel-herbivorie en waren on-
afhankelijk van vraat aan de scheuten. Wortels reageerden sneller met
HIPV emissies op lokale vraat dan scheuten.
Het is gepostuleerd dat HIPVs geëvolueerd zijn ten gevolge van lokale
co-evolutie tussen planten, herbivoren en natuurlijke vijanden. Klimaat-
verandering heeft een sterke invloed op deze nauwe co-geëvolueerde
netwerken. De toegenomen temperaturen hebben niet alleen een direct
effect op de vluchtige stoffen respons van planten maar ook op de na-
tuurlijke leefomgevingen van herbivoren en hun vijanden. Uitheemse
herbivoren die nieuwe gebieden binnendringen, veranderen de soort-
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samenstelling. Dit kan ook HIPV-gebaseerde infochemische netwerken
veranderen wanneer HIPV profielen veranderen ten gevolge van de aan-
wezigheid van uitheemse herbivoren.
De gevolgen van het binnendringen van ecosystemen door uitheemse
herbivoren voor HIPVs en interagerende soorten zijn nog niet veel on-
derzocht, maar de huidige literatuur suggereert dat exoten in staat zijn
inheemse infochemisch gemedieerde interacties tussen soorten te versto-
ren. Deze invasies zouden op deze wijze negatieve korte termijn effecten
kunnen hebben op zowel de populatie dynamieken van planten en insec-
ten en het functioneren van inheemse ecosystemen. Dit kan verreikende
gevolgen hebben, zoals het uitsterven van parasitoide populaties ten ge-
volge van verstoorde infochemische netwerken. Het is nog niet bekend
hoe HIPVs, die een belangrijke rol bij deze interacties spelen, veranderd
kunnen worden door uitheemse soorten herbivoren en hoe HIPV ge-
bruikende soorten zullen reageren. Een belangrijke tekortkoming is dat
de meeste onderzoeken gebaseerd zijn op vraat door één enkele soort,
terwijl planten merendeels, tegelijkertijd of sequentieel, met meerdere
soorten te maken hebben.
In hoofdstuk 4 van dit proefschrift ga ik daarom in op HIPVs die vrij-
komen na enkele of meerdere aanvallen door inheemse en uitheemse
soorten met verschillende gastheerspecialisaties en voedingswijzen. Ik
was in staat belangrijke eigenschappen van HIPVs te identificeren die
terug te voeren zijn op algemene eigenschappen van herbivoren, zoals
de co-existentie geschiedenis met de plant, de mate van gastheerspeci-
alisatie en voedingswijze. Voor een deel van de geïdentificeerde vluch-
tige stoffen kon worden aangetoond dat HIPV mengsels verschillen in
groene blad geurstoffen (green leaf volatiles: GLVs), zwavel-bevattende
verbindingen, verschillende terpenoïden en andere vluchtige organische
verbindingen tussen inheemse en exotische, specialisten en generalisten
en ook tussen floëem-voedende en blad-kauwende herbivoren. Vijanden
van herbivoren zouden dus hun respons op deze veranderde HIPV pro-
fielen snel kunnen aanpassen en de negatieve effecten van exotische
herbivoren op inheemse voedselnetwerken daarmee beperken. De ont-
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wikkelde modellen zijn gebruikt om voor twee verdere herbivoren de
onbekende co-existentie geschiedenis te voorspellen. Dit toont het volle
potentieel van multivariate modeleringsprocedures aan.
In hoofdstuk 5 heb ik aangetoond dat co-existentie geschiedenis en gast-
heerspecialisatie van een tweede aanvaller nog steeds aangetoond kan
worden in de HIPV mengsels uitgestoten na een tweevoudige aanval.
In tegenstelling tot de bevindingen bij een enkele aanval, waren de ver-
schillen tussen geïdentificeerde vluchtige stoffen tussen herbivoren met
verschillende co-existentie geschiedenis en gastheerspecialisatie minder
uitgesproken. De emissie van een groot deel van de terpenoïden en
andere vluchtige organische zwavelverbindingen die geïnduceerd wer-
den na vraat door enkel inheemse en generalistische herbivoren nam
niet toe na een duale aanval. Daarom is de verwachting dat vijanden
van herbivoren verschillend reageren met een verandering in gedrag op
deze lange afstandssignalen. Niettemin werden differentiële emissies ge-
vonden voor ongeveer 39 % van alle geanalyseerde vluchtige kenmer-
ken voor herbivoren met verschillende co-existentie geschiedenis, terwijl
voor gastheerspecialisatie ongeveer 9 % verschillende emissiesnelheden
vertoonden. De plasticiteit van de reacties van vijanden van herbivoren
is het gevolg van hun leervermogen en heeft het vermogen negatieve
effecten van dubbele herbivorie op infochemische netwerken af te zwak-
ken.
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C H A P T E R 3 - S U P P L E M E N TA RY M AT E R I A L
Table S1: Results of t-tests from the first order autoregressive time series model.
CC – controls, HC – Delia radicum infested plants, CH – Pieris brassicae
infested plants, HH – plants infested with D. radicum + P. brassicae.
Methanethiol
AG BG
compared treatments p-value compared treatments p-value
CH <= CC 0.0631 CH <= CC 0.0694
HC <= CC 0.4119 HC <= CC 0
HH <= CC 0.0002 HH <= CC 0.001
CC <= CH 0.9369 CC <= CH 0.9306
HC <= CH 0.8956 HC <= CH 0.0011
HH <= CH 0.0074 HH <= CH 0.0138
CC <= HC 0.5881 CC <= HC 1
CH <= HC 0.1044 CH <= HC 0.9989
HH <= HC 0.0004 HH <= HC 0.615
CC <= HH 0.9998 CC <= HH 0.999
CH <= HH 0.9926 CH <= HH 0.9862
HC <= HH 0.9996 HC <= HH 0.385
Dimethylsulfide (DMS)
AG BG
compared treatments p-value compared treatments p-value
CH <= CC 0.0306 CH <= CC 0.0224
HC <= CC 0.2578 HC <= CC 0
HH <= CC 0.0254 HH <= CC 0.0002
CC <= CH 0.9694 CC <= CH 0.9776
HC <= CH 0.8369 HC <= CH 0.0025
HH <= CH 0.0777 HH <= CH 0.0331
CC <= HC 0.7422 CC <= HC 1
CH <= HC 0.1631 CH <= HC 0.9975
HH <= HC 0.0381 HH <= HC 0.6901
CC <= HH 0.9746 CC <= HH 0.9998
CH <= HH 0.9223 CH <= HH 0.9669
HC <= HH 0.9619 HC <= HH 0.3099
continued on next page. . .
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Table S1 – continued
Dimethyldisulfide (DMDS)
AG BG
compared treatments p-value compared treatments p-value
CH <= CC 0.9678 CH <= CC 0.0511
HC <= CC 0.9922 HC <= CC 0
HH <= CC 0.2745 HH <= CC 0
CC <= CH 0.0322 CC <= CH 0.9489
HC <= CH 0.5593 HC <= CH 0.0028
HH <= CH 0.0661 HH <= CH 0.003
CC <= HC 0.0078 CC <= HC 1
CH <= HC 0.4407 CH <= HC 0.9972
HH <= HC 0.0683 HH <= HC 0.4348
CC <= HH 0.7255 CC <= HH 1
CH <= HH 0.9339 CH <= HH 0.997
HC <= HH 0.9317 HC <= HH 0.5652
Methanol
AG BG
compared treatments p-value compared treatments p-value
CH <= CC 0.0737 CH <= CC 0.6052
HC <= CC 0.9346 HC <= CC 0.9728
HH <= CC 0.0066 HH <= CC 0.9661
CC <= CH 0.9263 CC <= CH 0.3948
HC <= CH 0.9985 HC <= CH 0.9392
HH <= CH 0.0806 HH <= CH 0.9362
CC <= HC 0.0654 CC <= HC 0.0272
CH <= HC 0.0015 CH <= HC 0.0608
HH <= HC 0.0003 HH <= HC 0.6291
CC <= HH 0.9934 CC <= HH 0.0339
CH <= HH 0.9194 CH <= HH 0.0638
HC <= HH 0.9997 HC <= HH 0.3709
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(a) Methanethiol
(b) Dimethylsulfide (c) Dimethyldisulfide
Figure S1: Mass spectra of sulfur compounds with NIST reference spectrum
(red), sampled from the plant head space on thermodesorption tubes
(100 mg Tenax) followed by GC-MS analysis
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(a) (b)
(c) (d)
Figure S2: Means of shoot and root dry weights per experiment and per treat-
ment. Results of ANOVA a) between experiments (aboveground):
F=12.65, p<0.001, b) between treatments (aboveground) (F=0.958,
p>0.05), c) between experiments (belowground): F= 29.85, p<0.001, d)
between treatments (belowground) (F=2.12, p>0.05).
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Table S2: Names and specifics of the identified volatile organic compounds emit-
ted by Brassica rapa. RI - linear retention index measured, LRI - litera-
ture retention index, exact mass - exact theoretical mass of the molec-
ular peak; m. mass - molecular mass measured (n.d. - molecular peak
not detected on our system) Identification criteria: A - NIST library
search and retention index comparison to literature, B - deviation of
exact mass and measured mass smaller than 3 mmu, C – comparison
of spectra and retention time to authentic standard, tent. - tentatively
identified with one method only. ITC - isothiocyanate.
compound RI LRI exact mass m.mass identification
dimethyldisulfide (DMDS) 759 756 93.991 93.991 A,B,C
(Z)-3-hexen-1-ol 858 858 100.089 n.d. A,C
ethylbenzene 859 8583 106.078 106.077 A,B
(E)-2-hexenol 869 8682 100.089 n.d. A,C
α-pinene 932 9334 136.125 136.124 A,B,C
β-pinene 974 97744 136.125 136.124 A,B,C
3-butenyl-ITC 984 9855 113.03 113.03 A,B
6-methyl-5-heptene-2-one 990 9886 126.104 126.104 A,B,C
β-myrcene 991 9926 136.125 136.124 A,B
δ-3-carene 1009 10117 136.125 136.124 A,B
(Z)-3-hexenyl acetate 1010 10088 142.099 n.d. A,C
o-cymene 1024 10219 134.11 134.111 A,B
limonene 1028 102810 136.125 136.124 A,B,C
indane 1034 103211 118.078 118.076 A,B
phenylacetaldehyde 1044 104412 120.058 120.056 A,B
acetophenone 1066 10631 120.058 120.056 A,B
unkn. monoterpenoid 1087 NA 136.125 136.124 B(tent.)
continued on next page. . .
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Table S2 – continued
nonanal 1104 110213 142.136 n.d. A (tent.)
decanal 1198 120014 156.151 n.d. A (tent.)
β-caryophyllene 1422 141815 204.188 - A,C
phenethyl-ITC 1467 146516 163.046 163.045 A,B
1 Solina et al. (2005), 2 Wang et al. (2005), 3 Engel et al. (2002), 4 Hongratanaworakit and Buchbauer (2007)
5 Condurso et al. (2006), 6 Baccouri et al. (2007), 7 Araujo et al. (2003), 8 Ruther (2000), 9 Zoghbi et al. (1998)
10 Cho et al. (2008), 11 Lai and Song (1995), 12 Nickavar et al. (2002), 13 Saroglou et al. (2007)
14 Asuming et al. (2005), 15 Adams et al. (2006), 16 Afsharypuor and Suleimany (2002)
Figure S3: Average percentage of leaf damage (± 1SE) by chewing herbivores in
each treatment determined with ImageJ (Schneider et al., 2012). Herbi-
vores damaged between 0.8 % and 2.2 % of the total leaf area. No sig-
nificant differences were found between treatments (ANOVA, Tukey
HSD). Damage by the slug were found on shoots. Damage by aphids
could not be quantified in percentage leaf area damaged. Bar widths
represent the replication in each treatment.
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Figure S4: Non-permuted and permuted classification for co-existence history
model 1a (200 permuted (white) versus non-permuted (blue) repeats
of a 10-fold cross validation).
Figure S5: Mean accuracy (based on 200 iterations) of the Partial Least Squares
(PLS) models for different classification options with all herbivores
including all 293 features. Whiskers represent 1.5 times the inter quar-
tile range. Predictors: co-existence history - native and exotic species
(5 latent variables (LVs)), diet breadth - generalist and specialist her-
bivores (17 LVs), feeding mode - leaf chewing and phloem feeding
herbivores (2 LVs).
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Figure S6: Average relative emission rates (± 1SE) for identified compounds of
herbivore-induced plant volatiles (HIPVs) emitted by Brassica rapa
(scaled to unit variance). a) Induced by native and exotic herbivores.
(Data: native - 7 species (n=53 samples), exotic - 3 species (n=26 sam-
ples)) b) Induced by generalist and specialist herbivores (Data: gener-
alist - 6 species (n=46 samples), specialist - 4 species (n=33 samples))
c) Induced by leaf chewing and phloem feeding herbivores (Data:
leaf chewing - 8 species (n=71 samples), phloem feeding - 2 species
(n=8 samples)). For the calculation of emission rates see Figure 4.6
on page 83. VIP > 1 are in red. Letters indicate significant differ-
ences to control levels and stars between the classes of herbivores,
assessed by ANOVA + Tukey HSD or Kruskal-Wallis rank sum test
(for non-normal distributed data) + Pairwise Wilcox test with Bonfer-
roni correction. Abbreviations: DMDS - dimethyldisulfide; ITC - isoth-
iocyanate; 6met5hep2one - 6-methyl-5-hepten-2-one; unk. - unknown.
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Figure S7: Mean logarithmic (± 1SE) of the increase in the emissions of iden-
tified volatile compounds after herbivory by Spodoptera exigua (n=8)
or Trichoplusia ni (n=9) on Brassica rapa. The values are centered to
control levels and scaled to unit variance to allow comparison. For
the calculation of the mean relative emission rates see Figure 4.6 on
page 83. Stars indicate significant differences (Depending on normal-
ity (Shapiro test), students t-test or Wilcox test, ** p<0.01, *** p<0.001).
Figure S8: Mean logarithmic of the increase in the emissions of identified volatile
compounds after infestation with 100 individuals of Brevicoryne bras-
sicae (n=4) or 100 Myzus persicae (n=4). The values are centered to
control levels and scaled to unit variance to allow comparison. Letters
indicate significant differences to control levels and stars between the
classes of herbivores, assessed by ANOVA and Tukey HSD or Kruskal-
Wallis rank sum test (for non-normal distributed data) and Pairwise
Wilcox test with Bonferroni correction. Stars indicate significant differ-
ences (* p<0.05).
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Table S3: First five features selected as important predictors using the variable
importance in projection (VIP ± 1SE) supplemented with identified
compounds in the VIP>1-range for models with all herbivores. mass
- the largest detected fragment for each feature. RI - linear retention
index, brackets indicate retention time when RI could not be deter-
mined (compounds eluting before first alkane standard reference), ITC
- isothiocyanate. Values for native/exotic generalist/specialist and leaf-
chewing (leaf)/phloem-feeding (phloem) are the log-transformed emis-
sion values ± 1SE (see Figure 4.6 on page 83 for the exact calculation),
p-value: result of the t-test for normally distributed emission values
and Wilcoxon rank sum test (indicated with w) for non-normally dis-
tributed data assessed with the Shapiro test.
a) Co-existence history model 1a
Compound mass RI VIP native exotic p-value
Feature 1 212.253 1498 2.22 ± 0.003 0.4 ± 0.14 0.7 ± 0.19 0.28
Feature 2 113.031 1124 1.78 ± 0.004 0.5 ± 0.11 1.4 ± 0.21 <0.001w
Feature 3 132.094 1091 1.73 ± 0.003 0.5 ± 0.13 -0.3 ± 0.17 <0.001
Feature 4 137.097 1008 1.67 ± 0.006 0.5 ± 0.13 -0.1 ± 0.2 <0.05w
Feature 5 101.060 1311 1.61 ± 0.003 -0.2 ± 0.15 0.4 ± 0.14 <0.01
Further identified compounds with VIP>1
3-Butenyl-ITC 115.026 984 1.59 ± 0.003 0.6 ± 0.14 1.2 ± 0.17 <0.01
Phenethyl-ITC 165.043 1467 1.22 ± 0.003 0.4 ± 0.14 0.1 ± 0.19 0.16w
b) Diet breadth model 2a
Compound mass RI VIP generalist specialist p-value
Feature 3 132.094 1091 2.44 ± 0.004 -0.1 ± 0.13 0.6 ± 0.17 <0.01
ButenylITC 115.026 984 2.43 ± 0.003 1.2 ± 0.12 0.3 ± 0.17 <0.001
Feature 2 113.031 1124 1.96 ± 0.004 1.1 ± 0.16 0.3 ± 0.12 <0.001w
Feature 6 108.091 1412 1.91 ± 0.006 0.9 ± 0.15 1.0 ± 0.17 0.67w
Limonene 137.129 1027 1.84 ± 0.006 0.3 ± 0.14 0.3 ± 0.20 0.77w
Further identified compounds with VIP>1
continued on next page. . .
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Table S3 – continued
(Z)-3-Hexen-1-ol 82.076 858 1.56 ± 0.005 1.1 ± 0.15 0.6 ± 0.15 <0.05w
(Z)-3-Hexenyl acetate 112.088 1009 1.51 ± 0.006 1.3 ± 0.16 0.8 ± 0.15 <0.05
(E)-2-Hexenol 99.115 869 1.19 ± 0.002 0.3 ± 0.14 0.1 ± 0.18 0.5w
c) Feeding mode model 3a
Compound mass RI VIP leaf phloem p-value
Feature 7 126.139 827 2.7 ± 0.002 0.4 ± 0.04 -2.7 ± 0.16 <0.001w
Feature 8 57.068 816 2.59 ± 0.002 0.4 ± 0.04 -2.7 ± 0.14 <0.001w
Feature 9 126.138 851 2.46 ± 0.002 0.3 ± 0.05 -2.6 ± 0.14 <0.001w
Feature 10 126.138 875 2.32 ± 0.001 0.4 ± 0.06 -2.5 ± 0.19 <0.001w
Feature 11 126.139 846 2.3 ± 0.001 0.4 ± 0.06 -2.4 ± 0.32 <0.001w
Further identified compounds with VIP>1
(E)-2-Hexenol 99.115 868 2.05 ± 0.000 0.5 ± 0.07 -2.3 ± 0.13 <0.001w
Nonanal 119.085 1104 1.21 ± 0.002 0.3 ± 0.12 0.3 ± 0.38 0.96
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Table S4: First five features selected as important predictors using the variable
importance in projection (VIP ± 1SE) supplemented with identified
compounds in the VIP>1-range for models with subsets of herbivores.
mass - the largest detected fragment for each feature. RI - linear reten-
tion index, brackets indicate retention time when RI could not be deter-
mined (compounds eluting before first alkane standard reference), ITC -
isothiocyanate. Values for native/exotic, generalist/specialist, and leaf-
chewing (leaf)/phloem-feeding (phloem) are the log-transformed emis-
sion values ± 1SE (see Figure 4.6 on page 83 for the exact calculation).
p-value - result of the t-test for normally distributed emission values
and Wilcoxon rank sum test (indicated with w) for non-normally dis-
tributed data assessed with the Shapiro test.
a) Co-existence history model 1b (leaf chewing generalist species only)
Compound mass RI VIP native exotic p-value
Feature 12 126.137 1590 2.51 ± 0.006 -0.3 ± 0.26 0.1 ± 0.19 0.25
Feature 13 201.185 1627 2.45 ± 0.005 1.5 ± 0.20 -0.3 ± 0.06 <0.001w
Feature 14 107.027 808 2.30 ± 0.004 -0.9 ± 0.30 0.2 ± 0.10 <0.001w
Feature 15 87.947 -3.62 2.19 ± 0.005 -0.2 ± 0.31 0.4 ± 0.15 0.14w
Feature 16 86.072 809 2.03 ± 0.003 -0.9 ± 0.13 0.3 ± 0.18 <0.001w
b) Diet breadth model 2b (native species only)
Compound mass RI VIP generalist specialist p-value
Feature 17 155.046 1135 2.19 ± 0.011 0.3 ± 0.22 0.5 ± 0.18 0.4w
Feature 18 77.004 -4.02 2.04 ± 0.006 0.1 ± 0.19 0.3 ± 0.19 0.57
Feature 3 132.094 1091 2.01 ± 0.008 0.3 ± 0.21 0.6 ± 0.18 0.18
Feature 6 108.091 1412 1.96 ± 0.006 0.8 ± 0.25 1 ± 0.17 0.75w
Feature 19 209.016 961 1.88 ± 0.005 1.2 ± 0.19 0.9 ± 0.19 0.3
Further identified compounds with VIP>1
3-Butenyl-ITC 115.026 984 1.85 ± 0.011 1.1 ± 0.18 0.3 ± 0.17 <0.01
Limonene 137.129 1027 1.76 ± 0.008 0.5 ± 0.13 0.4 ± 0.21 0.62
Phenethyl-ITC 165.043 1467 1.54 ± 0.004 0.8 ± 0.17 0.2 ± 0.19 <0.05w
(E)-2-Hexenol 99.115 869 1.40 ± 0.005 0.2 ± 0.26 0.1 ± 0.16 0.17w
continued on next page. . .
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Table S4 – continued
c) Feeding mode model 3b (native species only)
Compound mass RI VIP leaf phloem p-value
Feature 7 126.139 827 2.59 ± 0.002 0.4 ± 0.04 -2.3 ± 0.14 <0.001w
Feature 8 57.068 816 2.50 ± 0.002 0.4 ± 0.05 -2.3 ± 0.12 <0.001w
Feature 9 126.138 851 2.40 ± 0.002 0.3 ± 0.05 -2.3 ± 0.12 <0.001w
Feature 10 126.138 875 2.33 ± 0.001 0.4 ± 0.06 -2.1 ± 0.17 <0.001w
Feature 11 126.139 847 2.29 ± <0.001 0.4 ± 0.06 -2.1 ± 0.28 <0.001w
Further identified compounds with VIP>1
(E)-2-Hexenol 99.115 869 2.09 ± 0.001 0.5 ± 0.07 -2 ± 0.11 <0.001w
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Table S5: Leaf damage by chewing herbivores in each treatment determined with
ImageJ (Schneider et al., 2012). Numbers are % of total leaf area ± 1SE.
Two and three letter codes are species abbreviations (see Table 5.1 on
page 98).
Species damage (%)
MB 1.6 ± 0.4
MC 0.8 ± 0.2
PB 1.7 ± 0.6
PX 1.8 ± 0.5
SE 1.4 ± 0.3
SL 1.0 ± 0.2
SY 1.9 ± 0.3
TN 2.2 ± 0.5
DMB 2.9 ± 0.9
DMC 4.0 ± 0.6
DPX 3.1 ± 0.6
DSE 2.5 ± 0.5
DSL 5.6 ± 1.1
DSY 12.2 ± 2.8
DTN 3.1 ± 0.8
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Table S6: Statistical results for leaf damage data. P-values of the TukeyHSD post
hoc test following an ANOVA with all treatments. Two and three letter
codes are species abbreviations (see Table 5.1 on page 98)
treatments p-value treatments p-value treatments p-value
DMC-DMB 0.99 SE-DPX 0.83 MC-DTN 0.49
DPX-DMB 1.00 SL-DPX 0.42 PB-DTN 0.99
DSE-DMB 1.00 SY-DPX 0.99 PX-DTN 0.98
DSL-DMB 0.46 TN-DPX 1.00 SE-DTN 0.93
DSY-DMB 0.00 DSL-DSE 0.48 SL-DTN 0.66
DTN-DMB 1.00 DSY-DSE 0.00 SY-DTN 1.00
MB-DMB 0.94 DTN-DSE 1.00 TN-DTN 1.00
MC-DMB 0.38 MB-DSE 1.00 MC-MB 1.00
PB-DMB 0.99 MC-DSE 0.97 PB-MB 1.00
PX-DMB 0.98 PB-DSE 1.00 PX-MB 1.00
SE-DMB 0.91 PX-DSE 1.00 SE-MB 1.00
SL-DMB 0.56 SE-DSE 1.00 SL-MB 1.00
SY-DMB 1.00 SL-DSE 0.99 SY-MB 1.00
TN-DMB 1.00 SY-DSE 1.00 TN-MB 1.00
DPX-DMC 1.00 TN-DSE 1.00 PB-MC 1.00
DSE-DMC 0.98 DSY-DSL 0.00 PX-MC 1.00
DSL-DMC 0.98 DTN-DSL 0.71 SE-MC 1.00
DSY-DMC 0.00 MB-DSL 0.02 SL-MC 1.00
DTN-DMC 1.00 MC-DSL 0.00 SY-MC 1.00
MB-DMC 0.20 PB-DSL 0.08 TN-MC 0.95
MC-DMC 0.02 PX-DSL 0.03 PX-PB 1.00
PB-DMC 0.52 SE-DSL 0.02 SE-PB 1.00
PX-DMC 0.31 SL-DSL 0.00 SL-PB 1.00
SE-DMC 0.21 SY-DSL 0.10 SY-PB 1.00
SL-DMC 0.04 TN-DSL 0.12 TN-PB 1.00
SY-DMC 0.63 DTN-DSY 0.00 SE-PX 1.00
TN-DMC 0.70 MB-DSY 0.00 SL-PX 1.00
DSE-DPX 1.00 MC-DSY 0.00 SY-PX 1.00
DSL-DPX 0.57 PB-DSY 0.00 TN-PX 1.00
DSY-DPX 0.00 PX-DSY 0.00 SL-SE 1.00
DTN-DPX 1.00 SE-DSY 0.00 SY-SE 1.00
MB-DPX 0.86 SL-DSY 0.00 TN-SE 1.00
MC-DPX 0.26 SY-DSY 0.00 SY-SL 1.00
PB-DPX 0.98 TN-DSY 0.00 TN-SL 0.99
PX-DPX 0.94 MB-DTN 0.95 TN-SY 1.00
supplementary
Figure S9: Non-permuted and permuted classification for model 1b (co-existence
history) with robust predictors (200 permuted (white) versus non-
permuted (blue) repeats of a 10-fold cross-validation).
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Table S7: Names and specifics of the identified volatile organic compounds emit-
ted by Brassica rapa. RI - linear retention index measured, LRI - litera-
ture retention index, exact mass - exact theoretical mass of the molec-
ular peak; m. mass - molecular mass measured (n.d. - molecular peak
not detected on our system) Identification criteria: A - NIST library
search and retention index comparison to literature, B - deviation of
exact mass and measured mass smaller than 3 mmu, C – comparison
of spectra and retention time to authentic standard, tent. - tentatively
identified with one method only. ITC - isothiocyanate.
compound RI LRI exact mass m.mass identification
dimethyldisulfide (DMDS) 759 756 93.991 93.991 A,B,C
(Z)-3-hexen-1-ol 858 858 100.089 n.d. A,C
ethylbenzene 859 8583 106.078 106.077 A,B
(E)-2-hexenol 869 8682 100.089 n.d. A,C
α-pinene 932 9334 136.125 136.124 A,B,C
β-pinene 974 97744 136.125 136.124 A,B,C
3-butenyl-ITC 984 9855 113.03 113.03 A,B
6-methyl-5-heptene-2-one 990 9886 126.104 126.104 A,B,C
β-myrcene 991 9926 136.125 136.124 A,B
(Z)-3-hexenyl acetate 1010 10088 142.099 n.d. A,C
o-cymene 1024 10219 134.11 134.111 A,B
limonene 1028 102810 136.125 136.124 A,B,C
indane 1034 103211 118.078 118.076 A,B
phenylacetaldehyde 1044 104412 120.058 120.056 A,B
acetophenone 1066 10631 120.058 120.056 A,B
unkn. monoterpenoid 1087 NA 136.125 136.124 B(tent.)
nonanal 1104 110213 142.136 n.d. A (tent.)
decanal 1198 120014 156.151 n.d. A (tent.)
β-caryophyllene 1422 141815 204.188 - A,C
phenethyl-ITC 1467 146516 163.046 163.045 A,B
1 Solina et al. (2005), 2 Wang et al. (2005), 3 Engel et al. (2002), 4 Hongratanaworakit and Buchbauer (2007)
5 Condurso et al. (2006), 6 Baccouri et al. (2007), 7 Araujo et al. (2003), 8 Ruther (2000), 9 Zoghbi et al. (1998)
10 Cho et al. (2008), 11 Lai and Song (1995), 12 Nickavar et al. (2002), 13 Saroglou et al. (2007)
14 Asuming et al. (2005), 15 Adams et al. (2006), 16 Afsharypuor and Suleimany (2002)
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Table S8: First five features selected as important predictors using the variable
importance in projection (VIP ± 1SE in 200 repeats of 10-fold cross val-
idation) supplemented with identified compounds in the VIP>1-range.
mass - the largest detected fragment for each feature. RI - linear reten-
tion index, brackets indicate retention time when RI could not be deter-
mined (compounds eluting before first alkane standard reference), ITC
– isothiocyanate. Values for native/exotic and generalist/specialist are
the log-transformed emission values ± 1SE (see Figure 5.3 on page 106
for the exact calculation), p-value: result of the t-test for normally dis-
tributed emission values and Wilcoxon rank sum test (indicated with
w) for non-normally distributed data assessed with the Shapiro test.
a) model 1a (co-existence history)
Compound mass RI VIP native exotic p-value
Feature 1 123.082 1115 2.32 ± 0.02 0.9 ± 0.13 0.1 ± 0.24 <0.01w
Feature 2 70.077 903 2.04 ± 0.03 -0.3 ± 0.20 0.7 ± 0.14 <0.001w
Feature 3 267.01 1202 1.75 ± 0.03 -2.1 ± 0.18 -1.2 ± 0.19 <0.01w
Feature 4 121.101 946 1.85 ± 0.02 0.4 ± 0.09 -0.4 ± 0.26 <0.05w
Feature 5 98.109 (4.48) 1.70 ± 0.02 1.2 ± 0.22 0.4 ± 0.15 <0.05w
Further identified compounds with VIP>1
3-butenyl-ITC 115.026 983 1.71 ± 0.03 0.6 ± 0.21 1.4 ± 0.17 <0.01
Limonene 137.129 1027 1.29 ± 0.01 -0.2 ± 0.22 0.0 ± 0.20 0.17w
b) model 2a (diet breadth)
Compound mass RI VIP generalist specialist p-value
Feature 2 70.077 903 3.05 ± 0.007 0.7 ± 0.10 -1.1 ± 0.08 <0.001w
Feature 3 267.01 1202 2.44 ± 0.008 -1.1 ± 0.14 -2.7 ± 0.05 <0.001w
Feature 6 82.945 (3.62) 2.08 ± 0.008 0.0 ± 0.14 -1.4 ± 0.19 <0.001
Feature 7 155.044 1134 2.07 ± 0.003 -0.8 ± 0.13 0.5 ± 0.28 <0.001w
3-butenyl-ITC 115.026 983 1.94 ± 0.005 1.3 ± 0.14 0.1 ± 0.24 <0.001
Further identified compounds with VIP>1
(Z)-3-hexenyl acetate 112.088 1009 1.66 ± 0.005 2.0 ± 0.16 0.9 ± 0.22 <0.01
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